(3x  MBMS 

awwnaais 


THE  UNIVERSITY  OF  ALBERTA 


RELEASE  FORM 

NAME  OF  AUTHOR  . .???? . 

TITLE  OF  THESIS  # Studies^ of #  "Forbidden"^ Transitions 

in  np1*  Elements 


DEGREE  FOR  WHICH  THESIS  WAS  PRESENTED 
YEAR  THIS  DEGREE  GRANTED  . 


Ph.D. 


Permission  is  hereby  granted  to  THE  UNIVERSITY 
OF  ALBERTA  LIBRARY  to  reproduce  single  copies  of  this 
thesis  and  to  lend  or  sell  such  copies  for  private, 
scholarly  or  scientific  research  purposes  only. 

The  author  reserves  other  publication  rights , 
and  neither  the  thesis  nor  extensive  extracts  from  it 
may  be  printed  or  otherwise  reproduced  without  the 
author's  written  permission. 


Digitized  by  the  Internet  Archive 
in  2019  with  funding  from 
University  of  Alberta  Libraries 


i 


https://archive.org/details/Pang1975 


THE  UNIVERSITY  OF  ALBERTA 


STUDIES  OF  "FORBIDDEN"  TRANSITIONS 
IN  np4  ELEMENTS 


by 


l 


L. 


PANG 


A  THESIS 

SUBMITTED  TO  THE  FACULTY  OF  GRADUATE  STUDIES  AND  RESEARCH 
IN  PARTIAL  FULFILLMENT  OF  THE  REQUIREMENTS  FOR  THE  DEGREE 

OF  DOCTOR  OF  PHILOSOPHY 


DEPARTMENT  OF  PHYSICS 


EDMONTON,  ALBERTA 


FALL,  1975 


THE  UNIVERSITY  OF  ALBERTA 


FACULTY  OF  GRADUATE  STUDIES  AND  RESEARCH 


The  undersigned  certify  that  they  have  read,  and 
recommend  to  the  Faculty  of  Graduate  Studies  and  Research, 
for  acceptance,  a  thesis  entitled  STUDIES  OF  "FORBIDDEN" 
TRANSITIONS  IN  np4  ELEMENTS  submitted  by  Peter  H.  L.  Pang 
in  partial  fulfillment  of  the  requirements  for  the  degree 
of  Doctor  of  Philosophy. 


ABSTRACT 


Transitions  within  the  ground  configuration  of 
the  first  three  np4  elements  (0,  S  and  Se) ,  which  are 
"forbidden”  under  electric  dipole  selection  rules,  have 
been  studied.  A  comprehensive  survey  of  the  theoretical 
methods,  based  on  atomic  structure  calculations,  for 
determining  the  Einstein  A-coef f icients  of  these  "forbidden" 
lines  has  also  been  carried  out.  Using  a  technique  based 
on  simultaneous  absolute  intensity  and  optical  line-absorp¬ 
tion  measurements ,  experiments  were  conducted  to  determine 
the  absolute  A-values  of  these  forbidden  transitions,  produced 
under  laboratory  conditions  and  lying  in  the  wavelength  range 

o 

2900-7800  A.  Theoretical  considerations  based  on  atomic  and 
molecular  spectroscopy  have  also  been  used  to  provide  mecha¬ 
nisms  for  the  formation  of  these  metastable  states  and  thus 
of  the  "forbidden"  lines.  Applications  of  the  results  of 
this  work  to  certain  studies  in  astrophysics,  upper  atmo¬ 
spheric  and  laser  physics  have  also  been  undertaken. 
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CHAPTER  I 


INTRODUCTION 


It  is  known  that  the  electric  dipole  oscillator 
is  the  simplest  model  capable  of  radiating  electromagnetic 
waves  and  that  such  radiation  is  associated  with  transi¬ 
tions  between  stationary  atomic  states,  whence  the  corre¬ 
sponding  spectral  lines  are  produced.  Transitions  due  to 
electric  dipole  radiation  must  satisfy  certain  selection 
rules ,  the  most  rigorous  one  being  the  "Laporte  Rule  -  the 
parity  sum  of  the  two  states  between  which  a  transition 
can  occur  must  be  odd".  Transitions  that  would  violate 
any  of  the  electric  dipole  selection  rules  can  neverthe¬ 
less  occur  giving  rise  to  the  so-called  "Forbidden  Lines", 
and  they  are  usually  due  to  electric  quadrupole  and/or 
magnetic  dipole  radiation. 

Elements  in  the  np4  ground  state  configuration, 
i.e.  with  four  equivalent  p  electrons  and  with  principal 


4. 

The  parity  of  a  state  is  conventionally  even  or  odd 
according  as  the  sum  of  the  angular  momenta  .  of  the 
electrons  denoted  in  the  state  configuration,  Is  even 
or  odd  respectively. 
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quantum  number  n,  have  in  the  LS-coupling  scheme,  the 
following  spectroscopic  terms: 

1SQ,  lDz,  3P0,  3PW  3P2 

Since  these  terms  belong  to  the  same  ground  state  config¬ 
uration,  the  parity  sum  of  any  two  of  them  will  therefore 
be  even,  and  any  transitions  among  these  levels  will 
violate  the  strict  electric  dipole  selection  rule,  thus 
giving  rise  to  forbidden  lines. 

Historically,  at  the  beginning  of  the  1920's, 
certain  lines  in  nebular  and  auroral  sources  could  not 
be  identified  with  any  known  emission  or  absorption  lines 
produced  at  that  time  in  the  laboratory.  They  were  as¬ 
sumed  to  have  originated  from  elements  as  yet  undiscovered 
on  earth  or  from  some  unknown  spectra  of  existing  elements. 
Then  in  1925  (Me  25)  the  green  auroral  line  (5577  A)  and 
in  1930  (Pa  30)  the  red  auroral  lines  (6300  A  and  6364  A) 
of  atomic  oxygen  were  produced  under  laboratory  conditions. 
It  was  soon  realised  that  the  wave  numbers  for  the  lines  in 
the  auroral  and  nebular  sources  coincided  exactly  with  the 
differences  in  energy  between  low-lying  metastable  levels 

■4*  , 

LS-coupling,  also  called  Russell-Saunders  coupling,  is 
valid  when  the  interactions  between  the  spin  and  the  orbit 
angular  momenta  of  different  electrons  are  greater  than  the 
interaction  between  the  spin  of  each  electron  with  its  own 
orbit,  whereby  the  electrostatic  (rather  than  the  magnetic) 
energy  predominates. 
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and  the  ground  state  of  the  01  (Me  28,  Pa  30),  Oil,  OIII, 
SII  and  Nil  (Bo  28)  configurations.  A  proposal  (Mr  44) 
to  base  the  concept  of  "forbidden"  lines  on  the  smallness 

4* 

of  the  corresponding  transition  probability  (<_  10 2  sec-1) 
was  not  accepted  (Ru  44) .  Explanations  based  on  second 
order  multipole  radiation  (magnetic  dipole  and  electric 
quadrupole)  were  then  put  forward  to  account  for  the 
"forbidden"  lines,  and  the  corresponding  selection  rules 
have  since  been  formulated  and  firmly  established.  These 
lines  were  also  termed  "multipole  lines"  by  Rubinowicz 
(Ru  44) . 

The  interest  in  forbidden  lines  and  the  problems 
associated  with  them  are  evidenced  by  the  extensive  list 
of  careful  investigations  that  have  been  published  on  them: 
For  example , 

(1)  The  strong  and  persistent  presence  of  the  green 
and  red  auroral  lines  of  oxygen  in  the  upper  atmosphere, 
have  led  to  the  following  studies:  (i)  Atomic  processes, 
such  as  the  role  played  by  the  metastable  energy  levels 


^The  "Transition  Probability"  or  the  Einstein  A-coeffi- 
cient  of  a  line  is  the  number  of  spontaneous  downward 
transitions  per  second  per  atom  between  the  two  stationary 
states  which  bound  the  line.  Hence,  if  N  is  the  popula¬ 
tion  density  of  the  upper  state  of  the  transition  and  v 
its  frequency,  then  its  intensity  will  be  given  by 
I  =  NAhv. 


soivort idufl  Yd  "asnil  sXo$.  iXunT  bsmiaJ  oelfi  t>  :,iI 


4 


of  the  exciting  or  buffer  agents  (deactivation) ,  or  that 
played  by  thermal  collisions  (dissociative  recombination) 
and  so  on,  in  the  excitation  mechanism  of  the  forbidden 
lines  (Me  25,  Se  54,  Wa  59,  Da  67,  Re  67,  Gi  69,  Zi  69, 

Me  70  and  Wa  72) .  (ii)  Atmospheric  temperature  measure¬ 
ment  through  the  thermal  Doppler  broadening  of  the  lines. 

The  forbidden  lines  are  used  advantageously  here  because 
first,  they  are  among  the  most  prominent  in  the  most 
easily  accessible  wavelength  region;  secondly,  the  ex¬ 
cited,  metastable  states  of  atomic  oxygen  have  lifetimes 
which  are  long  enough  to  ensure  that  thermal  equilibrum 
with  the  atmosphere  is  restored  if  it  is  disturbed  by  the 
excitation  process;  and  thirdly,  the  self- absorption  of 
these  lines  is  negligible  (Om  71,  Hi  66,  Mi  61,  Tu  62). 

(iii)  Altitude  and  latitude  variations  of  aurorae  with 
respect  to  the  intensity  ratios  of  forbidden  lines.  Re¬ 
liable  rocket  data  for  altitude  vs.  the  01  5577  A/6300  A 
intensity  ratio  were  obtained  by  Murcray  (Me  69)  and  for 
latitude  vs.  01  6300  A/N+  4278  A  intensity  by  Eather  (Ea  69). 

(2)  In  the  determination  of  element  abundances,  such 
as  those  of  sulphur  and  oxygen,  in  the  solar  photosphere, 
the  relevant  data  on  their  forbidden  lines  could  be  employed. 
In  fact,  it  was  found  by  Muller  (Mu  68)  and  Malia  (Ma  68) 
that  there  are  a  number  of  advantages  in  using  forbidden 
lines  rather  than  the  high-excitation  permitted  lines.  The 
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former,  being  within  the  ground  configuration  with  small 
excitation  potential  (<_  5.0  eV)  at  the  lower  level,  should 
not  be  sensitive  to  the  model  atmospheres,  and  their 


+ 

equivalent  widths  are  independent  of  turbulence  and 


damping  constants.  The  weak  permitted  lines,  on  the  other 
hand,  are  found  at  a  depth  in  the  solar  disk  where  the 
temperature  is  not  well  known,  and  are  very  sensitive  to 
the  actual  temperature  adopted,  while  the  equivalent  widths 
of  strong  permitted  lines  are  affected  by  turbulence  and 
damping.  Actually,  when  the  results  for  the  oxygen  abun¬ 
dance  from  the  same  source  of  data  were  compared  by  Muller 
(Mii  6  8)  using  four  basic  solar  model  atmospheres,  (i)  Mutsh- 
lecner  (Mu  64) ,  (ii)  Utrecht  (Ut  64) ,  (iii)  Heinztze  (He  65) 
and  (iv)  Holweger  (Ho  67)  which  differ  in  temperature  and 
turbulence  distribution,  it  was  found  that  there  is  less  of 
a  discrepancy  in  the  oxygen  abundance  in  using  forbidden 
lines  (15%  between  the  two  extreme  models)  than  from  using 
the  permitted  lines  (35%) . 

4- 

The  equivalent  width,  W  ,  of  an  absorption  line  is  defined 
as  the  width  of  a  perfectly  black  rectangular  line  that 
could  remove  exactly  the  same  amount  of  energy  from  its 
continuum  spectrum.  It  is  obtained  by  dividing  the  total 
energy  absorbed  in  this  line  by  the  energy  per  unit  frequen¬ 
cy  emitted  by  the  light  source  in  the  continuum  spectrum  at 
the  frequency  vq : 
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The  element  abundance  in  the  solar  and  other 
stellar  atmospheres  is  derived  from  its  "curve  of  growth" 
the  relationship  between  the  equivalent  width  and  the 
product  of  the  abundance  N  and  the  oscillator  strength  or 
f-value  (and  the  damping  constant  T,  if  the  line  is  strong) 
The  f-value  of  a  line  is  directly  related  to  its  transi¬ 
tion  probability  A,  so  that  an  accurate  knowledge  of  the 
A-coef f icient ,  together  with  a  choice  of  forbidden  lines 
which  give  the  advantages  discussed  above,  would  be  appro¬ 
priate  for  use  in  the  determination  of  element  abundances. 
So  far,  only  theoretical  A- values  of  forbidden  lines  have 
been  used  for  this  purpose  -  Swings  et  al .  (Sw  69) ,  for 
the  solar  abundance  of  sulphur  and  Muller  (Mu  68)  and 
Malia  (Ma  68) ,  for  that  of  oxygen  could  be  singled  out 
among  many  others. 

(3)  The  excitation  of  metastable  levels  in  np4  ele¬ 
ments  was  investigated  by  Bokhan  (Bo  69)  from  the  point  of 
view  of  obtaining  new  efficient  materials  for  gas  lasers. 

Such  elements  possess  very  favourably  situated  energy 

+ 

levels  for  "population  inversion"  (Be  65) .  The  three 
near- degenerate  levels  of  the  ground  state  P  can  lead  to 
rapid  relaxation  through  collisions,  while  the  absence  of 

^""Population  Inversion"  between  two  energy  levels  means 
that  the  upper  level  is  more  densely  populated  than  the 
lower  one  and  is  one  of  the  basic  characteristics  of  a 
laser  transition. 
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a  dipole  transition  between  the  P  and  the  D  and  S  states , 
together  with  the  relatively  large  energy  difference  of 
S-P  and  D-P  transitions,  leads  to  a  long  lifetime  for  the 
S  and  D  levels.  Furthermore,  the  excitation  of  transitions 
that  are  active  in  dipole  radiation  requires  an  energy 
which  considerably  exceeds  that  of  the  S  and  D  states,  so 
that  the  latter  may  be  enhanced  to  a  fairly  high  atomic 
density  as  compared  to  that  of  the  P  state.  However,  ob¬ 
taining  inversion  between  metastable  states  does  not 
guarantee  the  possibility  of  obtaining  a  practical  laser 
because  of  the  low  transition  probability  between  them  and 
of  other  factors  such  as  those  represented  by  equations  (4) 
and  (5)  in  Gould's  paper  (Go  65)  . 

Selenium  and  tellurium  were  considered  among  the 
np  4  elements  for  laser  production  rather  than  oxygen  and 
sulphur  because  to  obtain  a  sufficient  vapour  pressure  for 
the  latter,  a  temperature  would  be  required,  at  which  the 
Boltzmann  population  of  the  P  levels  is  very  substantial. 

o 

More  specifically,  the  selenium  forbidden  line  at  4887  A, 
which  is  the  transition  between  the  metastable  levels  *S 0 
and  3P1,  was  used  by  Bokhan  (Bo  69)  throughout  his  inves¬ 
tigations  . 

Transition  probabilities  of  forbidden  lines  have 
been  theoretically  calculated  by  several  methods,  all  based 
on  the  atomic  structure  of  the  element  involved.  Until 
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recently  there  has  not  been  an  absolutely  correct  deter¬ 
mination  of  the  A-values ,  the  main  problems  involved  being 
associated  with  the  relevant  and  correct  interaction  among 
the  term  configurations  that  are  all  essential  in  obtain¬ 
ing  the  correct  choice  of  the  wave  functions  used  in  the 
transition  probability  calculations.  These  problems  be¬ 
come  more  complicated  for  heavier  elements.  Previous  work 
on  the  subject  are  numerous;  two  excellent  reviews  are 
those  of  Garstang  (Ga  51)  and  Sinanoglu  (Si  71) . 

Techniques  for  the  experimental  measurement  of 
transition  probabilities  of  allowed  lines,  such  as  those 
using  stabilised  arc  and  shock  tube  sources,  were  found  to 
be  quite  complicated  and  laborious  (Wi  61) .  As  for  the 
forbidden  lines,  further  complications,  such  as  production 
of  a  steady  and  measurable  source  of  the  normally  faint 
lines,  are  involved.  Until  recently  the  only  determina¬ 
tion  of  the  absolute  transition  probability  of  a  forbidden 
line  was  the  work  carried  out  by  McConkey  and  Kernahan 
(Me  69).  However,  their  results,  obtained  on  the  auroral 
green  line,  had  an  uncertainty  of  up  to  a  factor  of  2. 

In  the  present  work  the  same  technique  was  employed  but 
improvements  in  the  instrumentation  (mainly  the  availa¬ 
bility  of  more  precise  and  modern  equipment)  and  the  use 
of  recent  theoretically  calculated  f-values  have  resulted 


in  much  more  reliable  data. 


£ 
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Basically,  this  technique  involves  simultaneous 
measurement  of  the  forbidden  line's  absolute  intensity 
and  the  population  density  of  its  upper  energy  level. 

The  forbidden  lines  are  produced  in  a  discharge  tube  con¬ 
taining  the  element  under  investigation  in  a  gaseous  form 
and  a  "buffer"  gas,  all  under  some  optimum  conditions, 
and  the  absolute  intensity  is  measured  photoelectrically 
by  comparison  with  a  standard  lamp.  The  population  meas¬ 
urement  is  carried  out  by  a  line  -  absorption  method 
applied  to  the  vacuum  ultraviolet  line  that  is  feeding 
the  upper  level  of  the  forbidden  line.  Full  experimental 
details  and  the  advantages  and  disadvantages  of  the  tech¬ 
nique  are  discussed  later. 

Transition  probabilities  can  be  considered  as 
the  basic  atomic  parameter  of  the  forbidden  lines  and 
their  measurements  justified  solely  on  that  basis.  As 
mentioned  previously,  in  addition  to  their  application  in 
calculating  the  element  abundance  of  the  photosphere,  they 
are  also  used  in  the  determination  of  the  deactivation 
rates  of  the  metastables  in  the  upper  atmosphere.  The 
experimental  technique  used  also  enables  measurements  to 
be  made  on  the  atomic  state  population  of  the  metastables 
which,  in  turn,  would  allow  studies  of  possible  population 
inversions  that  can  lead  to  laser  production  (Bo  69) . 
However,  the  main  application  of  the  experimental  A-values 
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is  to  serve  as  a  check  on  theoretical  predictions  based  on 
atomic  structure  calculation  (Ke  75a, b  &  c) . 

The  above-mentioned  reasons,  then,  provide  the 
stimulus  for  the  present  work.  Elements  with  an  np4  ground 
state  configuration,  i.e.  oxygen  (n  -  2) ,  sulphur  (n  =  3) 
and  selenium  (n  =  4) ,  have  been  chosen  because  of  the  rela¬ 
tive  ease  by  which  these  forbidden  lines  can  be  obtained. 
Moreover,  the  various  types  of  processes  in  nature,  for 
which  studies  related  to  astrophysics,  upper  atmospheric 
and  atomic-molecular  physics  are  important,  involve  np4 


elements . 


CHAPTER  II 


THEORETICAL  CONSIDERATIONS 

As  forbidden  lines,  arising  from  electric  qua- 
drupole  and/or  magnetic  dipole  radiation  and  allowed  lines, 
arising  from  electric  dipole  radiation,  are  studied  in  this 
work,  a  concise  description  of  the  fundamental  nature  that 
characterizes  these  different  types  of  radiation  is  first 
given  here. 

2 . 1  Electric  Dipole  (ED) ,  Electric  Quadrupole  (EQ)  and 
Magnetic  Dipole  (MD)  Radiation 

The  "electric  dipole"  and  the  "electric  quadru¬ 
pole"  are  basically  systems  of  charges  (±q) ,  separated  by 
distances  of  atomic  dimensions  and  arranged  with  a 

resultant  zero  total  charge  (Figs.  2-1  and  2-2).  Actually, 
a  "dipole"  is  produced  by  displacing  a  "monopole"  (a  point 
charge)  through  a  small  distance  £  i  and  replacing  the 
original  monopole  by  another  of  the  same  magnitude  but  of 
opposite  polarity.  Likewise,  a  "quadrupole"  is  produced 
by  displacing  a  dipole  by  a  small  distance  &2  and  then 
replacing  the  original  dipole  by  one  of  equal  magnitude  but 
of  opposite  sign.  For  the  linear  quadrupole  |&2|=|&i|=|&|. 
This  "multipole"  concept  can  be  continued  indefinitely. 
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The  electric  dipole  has  a  moment  given  by 

P  =  q$ 

or  generally , 


p  =  Jpr  dx 

where  p  is  a  charge  distribution  in  a  volume  dx. 

The  electric  quadrupole  has  a  zero  dipole  moment 
(Iqz  =  0)  but  its  quadrupole  moment  is,  in  terms  of 
magnitude , 


Pzz  =  ^<3z2  =  ^q&2 


or  generally, 


p  =  pz2  dx 

Z  */ 

for  a  charge  distribution  p  in  a  volume  dx . 

The  "magnetic  dipole"  is  formed  by  a  circular 
loop  of  an  area  s  of  atomic  dimension,  carrying  an  alter¬ 
nating  current  I  (see  Fig.  2-3) . 

The  magnetic  dipole  has  a  moment  m  given  by 


->  -> 
m  =  Is 


and  generally, 

m  =  1/2  <j>r  x  I  dll 

=  1/2  j  r  x  J  dx 
— , 

for  a  current  distribution  J  m  a  volume  dx . 

When  the  dipole  or  quadrupole  moment  for  a  charge 
or  current  distribution  is  a  sinusoidal  function  of  time. 
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electromagnetic  waves  are  radiated  into  space.  Thus  ED 
radiation  is  produced  when  the  electric  dipole  moment  is 
given  by 

icot 

p  =  p  e 

where  pQ  is  the  amplitude  of  the  oscillation,  w  the  angular 
frequency  and  t  the  time. 

Similarly,  for  EQ  radiation,  the  quadrupole  moment,  is 
given  by 


and , 


P 


zz 


iwt 

e 


o 

for  MD  radiation,  the  magnetic  dipole  moment  by 

icot 


m  =  m  e 
o 

To  calculate  the  power  W  emitted  each  of  ED, 

EQ  or  MD  radiation  at  a  certain  point  P(r,0,<f>),  the  Poynting 
vector  S  must  first  be  determined,  since  W  is  obtained  by 


integrating  S  over  the  surface  of  a  sphere  of  radius  r. 
The  Poynting  vector  is  given  by 


S  =  1/2  Re (E  x  H  ) 

where  E  is  the  electric  field  vector  and  H  the  magnetic 
field  vector.  Also,  the  H  vector  is  related  to  the  electro- 
magnetic  vector  potential  A  by 

H  =  —(7  x  A) 

“o 

where  u  is  the  permeability  of  the  medium.  And,  the  E  vector 
o 
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is  related  to  %  and  to  the  electromagnetic  scalar  poten¬ 
tial  V  by 


-> 


The  values  of  V,  A,  H,  E,  S  and  W  at  the  point 
P(r,0,<J>)  can  be  derived  in  turn  for  ED,  EQ  or  MD  radia¬ 
tion  (Co  62).  Using  the  assumption  r  >>A >>Z ,  the  results 
for  the  H,  E  and  S  vectors  are  as  given  m  Table  II-l  and 
illustrated  (not  to  scale)  in  Figs.  2-1,  2-2  and  2-3. 

As  shown  in  Table  II-l,  for  all  three  cases, 
the  Poynting  vector  decreases  with  1/r2,  a  condition 
necessary  for  conservation  of  energy.  There  are  two  dif¬ 
ferences  between  the  dipole  and  the  quadrupole  radiation: 
for  the  former,  the  field  decreases  with  the  square  of  the 
wavelength  («  1/A2)  whereas  for  the  latter  it  decreases 
with  the  cube  of  the  wavelength  (<*  1/A3);  the  dipole  field 
is  zero  along  the  polar  axis  («  sin  0) ,  whereas  the  qua¬ 
drupole  field  is  zero  both  at  the  poles  and  at  the  equator 
(«  sin  0  cos  0)  . 


2 . 2  Identification  of  Multipole  Transitions 

In  theory,  a  spectral  line  can  be  identified  with 
the  type  of  radiation  producing  it  (ED,  EQ  and/or  MD)  by 
observing  the  Zeeman  effect  on  it,  in  a  transverse  magnetic 
field.  This  is  possible  due  to  the  fact  that  the  Zeeman 
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patterns  are  characteristically  different  for  each  type 
of  radiation.  Table  II-2  shows  the  various  Zeeman 
patterns  exhibited  by  the  multipole  transitions.  Here, 

Am  denotes  the  change  in  the  magnetic  quantum  number,  a 
the  angle  between  the  direction  of  observation  and  the 
magnetic  field,  tt  and  a  the  plane  of  polarisation  par¬ 
allel  or  perpendicular  to  the  magnetic  field  respectively, 
and  R.C.  and  L.C.  right  circular  and  left  circular  polar¬ 
ization  respectively. 

The  longitudinal  («  =  0)  effect  is  the  same  for 
all  types  of  radiation  whereas  the  transverse  (a  =  tt/2) 
effect  is  different  for  each  of  them.  It  is  therefore  pos¬ 
sible  to  distinguish  among  the  different  types  of  radiation 
by  observations  of  the  tt  and  a  components  in  a  transverse 
magnetic  field.  Such  a  method  was  used  by  Fredricks  and 
Campbell  (Fr  30) on  the  green  auroral  line  of  oxygen,  when 
they  established  for  the  first  time  an  experimental  veri¬ 
fication  of  the  occurrence  of  electric  quadrupole  radia¬ 
tion.  Similarly,  Niewodniczanski  (Ni  34) established  the 
existence  of  magnetic  dipole  radiation  through  his  investi- 

O 

gation  on  the  forbidden  line  of  Pbl  4618  A.  Also,  Jenkins 
and  Mrozowski  (Je  41)  identified  the  line  in  Pbl  at  7330  A 
(which  produces  six  tt-  components  and  seven  a-  components 
in  a  transverse  field)  as  being  due  to  an  admixture  of  EQ  and 
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AM 

2 

1 

0 

-1 

-2 

Electric  Dipole 

p 

0 

TT 

0 

Magnetic  Dipole 

ii 

TT 

0 

TT 

=* 

Electric  Quadrupole 

\ 

to 

a 

TT 

7 r 

a 

Electric  Dipole 

p 

RC 

LC 

RC 

Magnetic  Dipole 

II 

RC 

LC 

RC 

o 

Electric  Quadrupole 

RC 

LC 

RC 

Table  II-2.  Zeeman  patterns  from  ED,  MD  and  EQ  transitions 

in  a  longitudinal  (a  =  0)  and  a  transverse 
(a  =  tt/2)  magnetic  field. 


r 
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MD  radiation.  Their  investigation  on  the  intensities  of 
the  individual  Zeeman  components  of  that  line  also  con¬ 
firmed  an  "interference  effect"  between  those  two  types 
of  radiation  -  the  intensities  of  the  individual  Zeeman 
components  are  not  found  by  simply  summing  the  intensities 
for  independent  EQ  and  MD  radiation,  but  must  include  a 
term  dependent  on  the  fact  that  both  modes  of  radiation 
are  possible  (Ge  41,  Sh  41).  In  contrast,  the  intensity 
of  a  line  as  a  whole,  which  if  it  is  isotropic  and 
unpolarised  in  natural  excitation,  is  the  sum  of  the  in¬ 
tensities  of  the  quadrupole  and  magnetic  dipole  radiation 
separately  computed,  so  that  the  EQ  transition  probability 
and  the  MD  transition  probability  are  to  be  directly  added 
to  obtain  the  total  transition  probability  (Sh  41) .  It 
can  be  noted  here  that  the  red  auroral  lines  of  oxygen 

o  o 

(01  6300  A  and  01  6364  A)  are  both  due  to  an  admixture  of 
EQ  and  MD  radiation. 

2 . 3  Transition  Probabilities  for  Stimulated  Emission  , 
Absorption  and  Spontaneous  Emission 

The  interaction  between  a  classically  charged 
oscillator  and  a  radiation  field  may  be  regarded  as  a  per¬ 
turbation  which  can  cause  transitions  in  the  unperturbed 
system,  with  the  result  that  atoms  may  jump  from  one  sta¬ 
tionary  state  to  another,  along  with  the  emission  or 


I  ids 
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absorption  of  light  quanta.  Such  "stimulated"  or  "induced 
emission"  and  "absorption"  effects  take  place  according 
to  the  phase  relation  between  the  field  and  the  oscillator. 
However,  a  classical  oscillator  can  also  emit  radiation 
"spontaneously",  whether  or  not  an  external  radiation  field 
is  interacting.  The  probability  per  unit  time  of  any  of 
these  three  types  of  transitions  between  two  stationary 
states  is  known  as  the  "Einstein  Probability  Coefficient" 
or  "Transition  Probability".  The  relationships  among  the 
three  types  of  transition  probability  can  be  derived  from 
statistical  considerations  and  from  the  "principle  of 
detailed  balancing"  (Ei  17).  They  are: 


and 


(2-1) 


A, 


- 


1 D 


whe 


re  is  the  spontaneous  emission,  B^j  the  induced  or 


stimulated  emission  and  B_. ^  the  absorption  transition  prob¬ 
ability  between  the  upper  level  i  and  the  lower  level  j; 
the  g's  are  the  statistical  weights,  h  is  Planck's  constant, 
c  the  velocity  of  light  and  v  the  frequency  of  the  isotropic 
and  unpolarized  light  emitted  in  the  transitions.  Thus  if 
one  of  the  coefficients  is  known,  the  others  may  be  found 
by  substituting  in  equation  (2-1) . 


t  *  I 
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It  can  also  be  shown  that  in  the  spectral  region 
where  hv/kT  >>1,  for  a  system  with  T  as  its  absolute  tem¬ 
perature  and  k  as  Boltzmann's  constant,  the  stimulated 
emission  or  absorption  is  negligible  compared  to  the 
spontaneous  emission  -  consider  visible  radiation  at 
5000  A  and  at  temperature  of  500 °k.  Then  for  h  =  6.62  x 


10 


-2  7 


erg  sec  and  k  =  1.38  x  10 


-  1  6 


cgs  units,  we  will 


obtain,  hv/kT  -50,  i.e.  >>  1.  Under  such  conditions 
Planck's  law  (  Al  53)  is  reduced  to 


v 


2hv°  \  e-hv/kT 


■  (*$-) 


and  the  number  of  stimulated  emissions  per  cm  per  sec 


will  be  ,  for  a  blackbody , 


B.  .  I.. 
13  V 


-hv/kT 


*  -hv/kT  ^  A. . 
=  A, .  e  <<  13 

iD 


since  hv/kT  >>  1. 


2 . 4  Derivation  of  Transition  Probabilities 
(a)  For  ED  Radiation 

A  rigorous  derivation  of  transition  probabilities 
requires  that  quantum  equations  of  motion  of  the  electro¬ 
magnetic  field  be  found  that  are  analogous  to  Maxwell's 

equations,  whereby  Planck's  original  quantum  hypotheses  can 
be  fitted  into  a  general  theoretical  framework.  However, 
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the  derivation  can  be  achieved  by  treating  the  electro¬ 
magnetic  field  classically  and  the  particles  with  which 
the  field  interacts  by  quantum  mechanics .  Such  a  semi- 
classical  treatment  can  yield  an  approximately  correct 
value  of  the  absorption  or  stimulated  transition  prob¬ 
ability,  and  then  by  substituting  into  equation  (2-1)  one 
can  obtain  a  value  for  the  spontaneous  transition  prob¬ 
ability  . 

Consider  the  motion  of  a  charged  mass  point  in 
a  general  external  e.m.  field  and  with  an  internal  poten¬ 
tial  energy  V.  The  classical  Hamiltonian,  expressed  in 
terms  of  the  canonical  variables  r,  p  and  the  electro- 
magnetic  potentials  A,  is 


H  = 


;n  *■ 

~  (p  -  -A)  +  e<t>  +  V 

2m  ^  c 


(2-2) 


PI  _ 

2m 


~  A-P  +  P-A)  +  — 
me 


A2  +  e<j)  +  V 


2mc 


where  e  is  the  charge  on  the  particle  and  c  is  the  speed 
of  light;  the  electric  and  magnetic  field  strengths  are 
given  in  terms  of  the  potentials  by 


E  =  H  =  ^  x  A  (2-3) 

Substituting  for  p  with  -  (ih/27r)V,  as  required  by  quantum 

mechanical  theory,  into  equation  (2-2)  ,  the  corresponding 
time-dependent  Schrodinger  wave  equation  is  obtained: 
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ih.3^ 
9 1 


+ 


ieti 

me 


(O) 


+ 


ieti 

2mc 


(O) 


2mc2 

V  is  the  potential  energy  that  binds  the  particle;  (A,  <J>) 
represent  an  e.m.  field  that  is  weak  enough  so  that  those 
terms  can  be  regarded  as  a  perturbation. 

The  e.m.  field  is  described  by  Maxwell's 
equations  which,  in  Gaussian  units,  are: 


+  e4>  +  vj  ip 


(2-4) 


^x!  +  i|=o  $  x  3  -  i  If  =  il  J 

c  9t  c  9t  c 

**  t  n  (2~5 
V.E  =  4irp  V.H  =  0 

Substituting  equations  (2-3)  and  (2-4)  into  the  third  of 
equation  (2-5) ,  we  obtain 


$  x  $  x  X  +  —  =  0 

c2  9t2 


(2-6) 


where 

$  x  $  x  t  =  $($.X)  -V2A  (2-7) 

In  a  vacuum  (J  =  p  =  0)  the  general  solution  of  Maxwell's 
equations  is 

^ . A  =  0  and  <f>  =  0  (2-8) 

Substituting  equations  (2-7)  and  (2-8)  into  equation 
(2-6) ,  we  obtain 

V2a  -  —  =  0  (2-9) 

c2  3 1 2 


A  typical  plane  wave  solution  of  equation  (2-9)  is  one 
that  represents  a  real  potential  with  the  propagation 
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vector  %  and  the  polarization  (complex)  vector  Aq  which 
is  perpendicular  to  % : 

A(r,t)  =  Aq  exp  [i(i£.r  -  wt)  ]  (2-10) 

where  the  frequency  of  the  wave  w  =  kc . 

The  vector  potential  from  equation  (2-10)  is  now  used  as  a 
small  perturbation  in  equation  (2-4)  to  calculate  the 
probability  of  the  transition  that  it  has  caused  between 
the  stationary  states.  The  third  term  (^.A)  and  the 
fifth  term  (<J>)  on  the  R.H.S.  of  equation  (2-4)  are  now 
zero  and,  to  the  first  order  of  perturbation  theory,  the 
term  e2A2/2mc2  can  be  neglected  and  equation  (2-4)  re¬ 
written  as 

itl  -srr  =  (H  +  H')'P 
3 1  o 

where  Hn  =  -  tj— V2  +  V(r)  H'  =  ;~“(A.^)  (2-11) 

u  2m  me 

Using  Hq  as  the  unperturbed  Hamiltonian  and  H'  as  the 
perturbation  that  causes  the  transitions  it  can  then  be 
shown  (Sc  55)  that  the  transition  probability  per  unit 
time  of  the  stimulated  emission  is  given  by 

B.  .  =  —-S-2 -  |  (r*  exp  (i£ .  r)  V  H  .  dx  |  2  (2-12) 

11  „  o  o  1  )  1  A1 

J  2iTm2v 2 

where  v. ,  ^ .  are  the  wavefunctions  of  the  initial  and 
i  3 

final  states  and  V,  is  the  component  of  the  gradient  vec- 
tor  along  the  polarization  vector  A Q. 

In  most  cases  of  practical  interest,  the  wave- 
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length  (X)  of  the  radiation  is  many  times  greater  than 
the  linear  dimensions  (r  =  a)  of  the  wavef unctions  that 
describe  the  motion  of  the  particle,  i.e.  X  >>  a,  so 
that 

i.r  =  a  cos  0  <<  1 


Thus,  whenever  and  are  large  enough  to  give  an 
appreciable  contribution  to  the  integral  of  (2-12) , 
?.r  <<  1  so  that 

exp(i^.r)  -  1 


and  equation  (2-12)  becomes 


B.  .  =  - 

2Trm2v2 


|  J  VA  V.  dx  [2  (2-13) 


Then,  transforming  the  integral  of  equation  (2-13)  as  a 

matrix  element  of  the  momentum  and  the  position  of  the 

i  im  ^-^a 

particle  (VA  ^  PA  ■■)  and  considering  an  iso¬ 

tropic  radiation,  the  stimulated  emission  transition 


probability  becomes 


B.  .  =  8tt 
^  3h2c 


J, 


*  r  ip .  <3lt 
i  3 


(2-14) 


And  the  absorption  transition  probability  is  obtained  by 
substituting  in  equation  (2-1),  i.e. 

^  x  8  7T  3 


i  =  ( 7r)  — “  lof^*r-ip.dz  |  2  (2-14a) 

1  ' ^ j  /  3h2c  J  1  3 


B  .  .  = 
3~ 


The  spontaneous  transition  probability  is  then  obtained  by 


substituting  equation  (2-14)  into  (2-1)  : 
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A .  .  =  V  |ef^*  r  i|i  .  di  I2  (2-15) 

13  3hc 3  )  1  ^ 

The  quantity  ejij;*  r  iJk  dx  is  referred  to  as  the  dipole 
moment,  and  transitions  for  which  this  matrix  element  is 
non-zero  are  the  "electric  dipole  transitions". 

(b)  For  MD  and  EQ  Radiation 

It  may  happen  that  the  dipole  matrix  element  is 
zero  for  particular  states  i  and  j ,  but  yet  transitions 
still  occur  between  them.  In  that  case,  the  replacement 
of  exp(i^.r)  by  1  as  an  approximation  in  the  integral  of 
(2-12)  is  not  justified.  Expanding  the  exponential  in  a 
power  series,  we  have: 

exp(i^.r)  =  1  +  it .  r  +  —  (i£.r)2  +  ...  (2-16) 

2  1 

or  in  a  series  of  spherical  harmonics 

exp(i^.r)  =  jQ(kr)  +  3ij  (&r)  P1(cos  0) 

-  5 j  ( kr )  P  (cos  0)  +  ... 

2  2 

where  0  is  the  angle  between  t  and  r. 

Thus  if  the  dipole  matrix  element  which  is  provided  by 
the  first  term  of  the  series  expansion  vanishes,  the 
second  term  of  the  expansion  may  provide  a  transition 
matrix  element  that  does  not  vanish.  This  so-called 
"forbidden"  transition  has  therefore  a  matrix  element 
which  is  reduced  by  a  factor  of  the  order  of  ka,  where 
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r  =  a  is  of  the  linear  dimension  of  the  particle  wave- 
function.  The  transition  probability,  which  is  propor¬ 
tional  to  the  square  of  its  matrix  element,  is  therefore 
reduced  by  a  factor  (k a) 2  with  respect  to  dipole  or 
"allowed"  transitions.  Actually,  for  an  atom  of  radius 

o  o 

a  =  1  A  and  for  a  wavelength  A  =  5000  A,  we  have 

(ka)  2  =  (^P)2=  10-6 


Thus  the  transition  probability  for  second  order  radiation 
is  -  10” 6  times  less  strong  than  that  of  allowed  radiation. 

When  the  second  order  term  in  equation  (2-16)  is 
fully  developed,  it  is  found  to  consist  of  two  parts: 


-> 


(i)  the  magnetic  dipole  moment  M  and 


(ii)  the  electric  quadrupole  moment  N. 

(i)  The  theory  for  magnetic  dipole  radiation  field  is  the 
same  as  that  of  electric  dipole  and  the  MD  transition 
probability,  ^m^  from  state  i  to  state  j,  is  obtained  by 
replacing  the  ED  moment,  r  dr,  in  equation  (2-15) 

by  the  MD  moment,  J  ifjt  M  \f>.  dx ,  so  that 


Am.  .  =  64~  V  ■  |  f  ipf  M  ip  .  dx  |2  (2-17) 

^  3hc 3  J  1  : 

• 

Whereas  the  ED  moment  is  classically  defined  as  P  =  L  er, 
the  MD  moment  is 


M  =  —  £  (L  +  2S) 
me 


(2-18) 

where  L  and  S  are  the  resultant  orbital  and  spin  angular 
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momenta  measured  in  Bohr  units,  h/2-rr. 

The  square  of  the  matrix  element  in  (2-17)  is 
defined  by  Condon  and  Shortley  (Co  35)  in  terms  of  the 

c 

line  strength  itu  ^  in  such  a  way  that  the  intensity  is 
proportional  to  the  number  of  atoms  in  any  one  of  the 
initial  levels  instead  of  the  total  number  of  atoms  in 
the  initial  level  (as  done  traditionally  for  an  ED  line) . 


Thus  the  strength  of  the  MD  line  is 

Smi  j  =  |  j  M  i|^  dx  |  2 

with  the  number  of  atoms  N  in  any  one  of  the  initial 


(2-19) 


levels  i  converted  into  (2J\  +  1)1SK,  where  (2J^  +  1)  is 
the  statistical  weight  of  the  initial  level,  so  that  the 
transition  probability 


A  oc  —  oc 

N 


(2Ji  +  l)Ni 


Then  substituting  equation  (2-19)  into  (2-17)  ,  we  obtain 
for  the  Magnetic  Dipole  Transition  Probability, 

(2-20) 


_  64  TT4  v  3  _ 1 


mij  3hc 3  2(Ji  +  1)  mij 

(ii)  Similarly,  the  Electric  Quadrupole  Transition  Prob¬ 
ability  is  obtained  as 

32tt6  v 5 


qij  5hc5 (2Ji  +  1)  qij 


where  the  strength  of  the  EQ  line, 


(2-21) 


J  N  Jp  .  dT 


2 


(2-2.2) 


' 
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Here,  N  is  the  EQ  moment  expressed  as  a  symmetric  tensor 

or  dyadic  which,  in  terms  of  the  position  vectors  r  of 

s 

the  electrons ,  is  given  by 


where 


v  -*■  -*■ 

e  E  r  r 

s  s  s 


/\  /\  /s  /s  /\  /\ 

=  U  +  jj  +  kk 


(2-23) 


2 . 5  The  Selection  Rules 

Selection  Rules  for  ED,  MD  and  EQ-types  of 
transitions  can  be  formulated  by  considering  the  non¬ 
disappearance  of  the  integrand  in  each  of  the  equations 
(2-15)  ,  (2-20)  and  (2-21)  .  This  will  therefore  depend  on  the 

parity  sum  of  all  the  functions  it  contains.  It  is  known 
that  an  ordinary  function  is  even  or  odd  according  to 
whether  it  does  or  does  not  change  sign,  through  reflec¬ 
tion  at  the  origin  respectively;  for  a  quantum  mechanical 
wavefunction  the  parity  depends  on  the  number  of  nodal 
surfaces  which  go  through  the  origin  of  co-ordinates,  i.e. 
it  is  even  or  odd  if  the  sum  of  the  Jt-values  {Zi .)  for  the 
electron  configuration  is  even  or  odd  respectively.  For 
instance,  the  wavefunctions  of  the  ground  configuration 
states  among  the  np4  elements  (np4  1S0,  2D2,  3p0  :  2)  aJre 

t  7 

all  even. 

The  results  of  all  the  above-mentioned  considera¬ 
tions  are  as  shown  in  Table  II-3.  Here  L,  S,  J  are  the 
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Table  II-3.  Selection  rules  for  atomic  spectra. 


Magnetic  Electric 

Dipole  Quadrupole 


Electric 

Dipole 

(1)  AJ  =  0  ,  ±1 

o 

(2)  AM  =  0  ,  ±1 

(3)  Parity  change 

(4)  AS  =  0 

(5)  AL  =  0,  ±1 

0  f  0 

(6)  One 
electron  jump 

A1  =  1 


A J  =  0  ,  ±1 


AM  =  0 ,  ±1 

No  parity  change 

AS  =  0 

AL  =  0 

No 

electron  jump 
A1  =  0 


A J  =  0 ,  ±1,  ±2 


AM  =  0 ,  ±1 ,  ±2 

No  parity  change 

AS  =  0 

AL  =  0  ,  1 ,  2 

0  0,  0  «/*  1 

One  or  no 
electron  jump 

A1  =  0  ,  2 


0  y*  0 


0  ^  °'  I  ^  I'  0  f  1 


An 
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orbital,  spin  and  total  angular  momenta  of  the  atomic 
electrons  respectively.  M  is  the  magnetic  quantum  number 
and  n  the  principal  quantum  number. 

Not  all  the  rules  listed  are  strictly  adhered 
to.  For  instance,  if  the  spin-orbit  interaction  in  the 
atom  becomes  appreciable,  i.e.  if  the  interaction  between 
the  spin  of  each  electron  with  its  own  orbit  is  apprecia¬ 
ble  compared  to  the  interactions  between  the  spins  and 
orbits  of  the  electrons,  departures  from  LS-coupling  will 
occur  and  the  wavef unctions  will  be  modified  -  they  will 
become  an  admixture  of  the  original  wavefunction  and  others 
associated  with  different  multiplicities  and  L-values ,  but 
with  the  same  value  of  J  (intercombination  transitions) . 

However,  for  light  elements,  the  interaction  is  slight  and 
the  modified  wavefunction  for  any  term  is  not  very  differ¬ 
ent  from  the  pure  Russel-Saunders  wavefunction  for  the  same 
term.  For  the  large  spin-orbit  interactions,  i.e.  jj- 
coupling,  L  and  S  are  no  longer  "good  quantum  numbers"  and 
the  selection  rules  AS  =  0 ,  AL  =  0  are  meaningless. 

2 . 6  Theoretical  Calculations  of  the  Spontaneous  Transition 

Probabilities  for  the  "Forbidden"  Lines  of  np4  Elements 

We  have  seen  previously  how  the  spontaneous  tran¬ 
sition  probabilities  of  forbidden  lines  can  be  derived  by 
using  the  small  electromagnetic  potentials  A  and  (f>  as  a  pertur- 
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bation  to  the  Hamiltonian.  The  results  as  represented 
by  equations  (2-20)  and  (2-21)  indicate  that  to  compute 
the  A-coef f icient  accurately  the  wavefunctions  of  the 
states  involved  must  be  as  accurate  as  possible. 

Basically,  there  have  been  two  theoretical 
approaches  towards  this  problem  -  in  the  first  one  a 
"perturbation  theory"  is  used  and  in  the  second,  a 
"non-closed  shell  many-electron  theory"  is  applied. 


(a)  The  "Perturbation  Method" 

In  this  method,  the  unperturbed  Hamiltonian  is 
that  of  a  pure  LS-coupling  system.  The  interaction 
potential  V,  that  binds  the  particles  of  the  atom  (equa¬ 
tion  2-4)  fend  that  consists  mainly  of  the  electrostatic 
energies  due  to  the  Coulomb  force  between  each  electron 
and  its  nucleus  and  among  themselves),  is  considered  as 
part  of  the  unperturbed  Hamiltonian.  The  starting  wave- 
function  is  thus  made  self-consistent  with  the  Coulomb 
field  interactions,  i.e. 


H  Q  =  E  +  V 


=  E  + 


(  z 
V  ^=  i 


Ze 

r . 


•  K  * 

^>J  r 


I'd 


where  the  first  term  in  the  parenthesis 
is  the  Coulomb  attractive  force  between  each 
electron  and  its  nucleus ,  and  the  second 


(2-24a) 


nucleus 


. 
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term  is  the  Coulomb  mutual  repulsive  force  among  the 
electrons . 

However,  practically  all  energy  levels  lie  between  LS- 
and  jj-coupling,  although  mostly  very  close  to  LS-cou- 
pling.  The  interactions  that  cause  the  departure  from 
LS-coupling  are  small  and  their  net  effect  is  here 
considered  as  the  perturbation  H'.  Thus  we  ask  the 
question:  what  are  the  relevant  interactions  that  con¬ 
tribute  to  this  perturbation?  The  accuracy  of  the 
transition  probabilities  depends  on  the  correctness  of 
the  answer  to  this  question. 

The  perturbations  involved  are  usually  classi¬ 
fied  into  two  main  categories,  namely, 

(1)  the  coupling  between  the  electron's  spin 
and  its  own  orbit  (y) 

(2)  the  coupling  between  the  electrons'  spin- 
spin  and  spin-other  orbit  (n). 

Perturbations  of  the  first  category  alone  have  been  used 
in  the  computations  by  such  previous  workers  as  Condon 
(Co  34) ,  Pasternack  (Pa  40)  and  Shortley  et  al.  (Sh  41) . 
Perturbations  of  the  second  category  were  added  to  those 
of  the  first  category  in  the  calculations  by  Araki  (Ar  48) , 
Aller  et  al .  (Al  49) ,  Yamanouchi  and  Horie  (Ya  52) , 

Czyzak  and  Krueger  (Cz  63)  and  Garstang  (Ga  51,  56,  64). 

The  A-coef f icients  from  the  results  obtained  by 
Garstang  are  more  often  used  as  a  standard  reference 
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nowadays.  A  brief  survey  of  the  theoretical  calcula¬ 
tions  undertaken  in  this  perturbation  method,  with 
emphasis  on  Garstang's  analysis,  can  be  described  as 
follows : 

Consider  an  element  which  has  a  np4  ground 
state  configuration.  Suppose  E(1S),  E(1D)  and  E(3P) 
denote  the  energies  of  its  unperturbed  1S,  2D  and  3P 
terms  respectively  under  pure  LS-coupling.  The  matrix 
elements  of  the  unperturbed  Hamiltonian  are  then 


XS, 


D 


<m| H0 | n> 


=  JP 


o 


lS, 


1  D  2 


E  (  1 S )  0  0 

0  E ( 1 D)  0 

0  0  E(3P) 

0  0  0  E(3P) 

0  0  0  0  E(3P) 
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0 

0 
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0 

0 
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(2-24b) 


The  electron's  spin  and  own-orbit  interaction  is  given 


by  (Sh  41)  : 


H  i  =  ziu2/!  dV\ 


(?  £)£  h  h 


( 2-2  5a) 


eh 


where  u  =  -t—~ —  is  the  Bohr  magneton, 
4  Trmc 


V  =  y2  [Z  -  a  (r)  ]  x 


1  . 


<r  3  > 


is  the  Hartree  central  poten¬ 


tial  , 


a(r)  =  mean  electronic  charge,  other  than  that  of  a 
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np  electron  interior  to  a  radius  r,  which  is  due  to  the 
screening  of  the  spin-orbit  interactions  between  p-elec- 
trons  and  core-electrons , 


1 


<r 


3 


> 


/ 

0 


—  R2 
r  3  np 


(r) 


dr  =  radial  part  of  the  wavefunction 


of  an  np  electron,  normalised  such  that  /  R2  (r)  dr  =  1 . 

o  nP 

The  matrix  elements  of  Hj  in  terms  of  y  can  be  deduced 
from  Condon  and  Shortley  in  "The  Theory  of  Atomic  Spectra" , 
pp.  266-271  or  from  G.  Araki  (Ar  48) .  For  the  np4  ele¬ 
ments,  they  are 
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where  y  =  2y2  f  I-  ^§7)Rnp^r^  dr  (2-26) 

o  F 

The  electrons*  spin-spin  and  spin-other  orbit 
interactions  are  given  by  Aller  et  al .  (A1  49) : 

For  the  spin-spin  interaction 
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For  the  spin-other  orbit  interaction 


HI 


4y 


2b 


j=l  hr. . 


[rii  x  (P.7  -  2hK$iJ 


( 2-2  8a) 


where  r^ ,  .  are  the  distance  vectors  of  the  electrons 

from  the  nucleus  and  from  each  other,  p  =  (h/27ri)V  is  the 

momentum  operator  and  s,  in  h/2ir  units,  is  the  electron 

spin  whose  components  are  proportional  to  Pauli  matrices. 

The  matrix  elements  of  H'  and  H '  in  terms  of  n  can  be 

2a  2b 

deduced  from  Garstang  (Ga  51)  or  from  Yamamouchi  and 
Horie  (Ya  52) : 
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where  n 


«  i  3a 

-  „2  r  1  0  _.2 


=  u  *  f 
0 


5F,  Enp(r.>  Rnp(r2>  dr!  dra  <2-29> 


with  a  = 
o 


?7  <ri  i  r2> 


—  (ri  =•  r2> 


The  net  perturbation  H'  in  matrix  form  is  then  obtained 
by  adding  up  equations  (2-25b)  ,  (2— 27b)  and  (2-28b)  : 

<m| H ' | n>  =  <m| H  ^ | n>  +  <m|H2a|n>  +  <m|H2b|n> 
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(2-30) 


Now,  since  the  3P  states  are  "near-degenerate",  the 
Perturbation  Theory  treatment  for  the  degenerate  case 
should  be  applied  here.  Also,  it  is  known  (Sc  55b)  that 
"a  necessary  and  sufficient  condition  that  degeneracy  is 
removed  in  any  given  order  is  either  that  the  diagonal 
matrix  elements  of  H'  for  the  three  degenerate  unperturb¬ 
ed  states  are  unequal  or  that  the  off-diagonal  matrix 
elements  of  H'  between  these  states  is  non-zero".  These 
conditions  are  satisfied  here  by  the  matrix  elements  of 
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H'  (see  equation  2-30) .  The  degeneracy  can  thus  be 


removed  as  follows: 

The  Hamiltonian  H,  obtained  by  adding  up 
equations  (2-24b)  and  (2-30)  is 

H  =  H0  +  H' 

=  H  .in  matrix  form, 
mn ' 


(2-31) 


Then  if  \p^  is  the  unperturbed  wavefunction  of  the  level  n 


H0  K  =  E°  t 


n 


n  Tn 


(2-32) 


and  the  perturbed  wavefunction  can  be  represented 
mathematically  as  a  linear  combination  of  ipn : 

ip’  =  2  a  \p  (2-33) 

T  n  n  n 

Substitution  of  equation  (2-33)  into  the  Schrodinger 


equation , 


(H  -  E )  \p'  =0 


reduces  to  an  infinite  system  of  algebraic  equations. 


l(H  -  E  6  )  a  =  0 

n  mn  mn  n 


(2-34) 


where 
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E°  +  H' 
n  nn 


mn 


if  m  =  n 
if  m  /  n 


Equation  (2-34)  can  be  solved  for  the  aR  1  s  if  and  only 

if  the  determinant  of  their  coefficients  vanishes,  and 

the  roots  of  the  secular  equation  thus  obtained  are  the 

exact  energy  eigenvalues  of  H.  The  secular  solution  is 

H  -  E  6  1=0 

mn  mn 1 
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i  .e . 
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and  the  solution  (neglecting  y n  and  ri 2  and  retaining  powers 
of  y  up  to  the  fourth)  is 


Ej  =  E'  ( 1S0)  =  E  ( XS) 
e!  =  E*  (3D2)  =  E(2D) 
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(SP) 

e'  =  E*  (3Pi)  =  E(3P)  +  ^Y  +  8n 


2Y 3  _  2y 4  (2 

(SP)  2  (SP)  3 

(2 


E 


—  TP  '  l  3 


E  (3P2)  =  E  (  3P ) 


rY  - 


17 


-n  - 


X 


+ 


Y 


Y 


2  (DP)  4 (DP) 2  8 (DP)  3 

where  (SP)  =  E(3S)  -  E(3P)  and  (DP)  =  E(!D)  -  E(3P). 


(2 


The  next  step  taken  by  Garstang  distinguished  his 
results  from  others  -  he  substituted  the  values  of  e'(1S0), 
e' (!D2)  and  E*  (3P0/i,2)  found  by  observation  or  from  C.  E. 
Moore's  Tables  (Mo  49)  in  the  above  five  equations.  In  so 


-35) 


-36a) 

-36b) 

-36c) 
-  36d) 

-36e) 


doing,  he  claimed  to  have  removed  partially  the  effect  of 
configuration  interaction.  The  five  unknowns  y,  r\ ,  E(lS), 
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E^D)  and  E  (3p)  are  then  solved  and  the  following  "semi- 
empirical"  values  are  obtained  (Ga  51 ,  63): 


Table  II-4.  Semi-empirical  Values  of  the  Coupling 

Parameters  and  the  Ground  State  Energies 
in  cm- 1 . 


Y 

n 

E  ('S) 

E  (  ‘D) 

E  ( 3P) 

2p4 

(01) 

146.6 

1.33 

33791 

15867 

78.5 

3p  4 

(SI) 

384.2 

0.56 

22168 

9231 

201.9 

4p  4 

(Sel) 

1808 

-  0 

22112 

9402 

1075 

The  values  of  y  and  n  can  be  calculated  on  a  purely  the¬ 
oretical  basis  from  equations  (2-26)  and  (2-29) .  There 
is  satisfactory  agreement  between  the  theoretical  and  the 
semi-empirical  results  of  ri ,  but  not  for  y.  In  both 
cases ,  it  was  found  that  the  spin-spin  and  spin-other 
orbit  coupling  parameter  ri  decreases  to  a  negligible 
quantity  for  heavier  elements .  The  semi-empirical  values 
of  y  and  r\  have  been  preferentially  used  by  Garstang  in 
the  deduction  of  exact  (intermediate  coupling)  wavefunc- 
tions  As  previously  mentioned,  the  latter  can  be 

mathematically  represented  as  a  linear  combination  of  the 
unperturbed  wavef unctions  \Jj.  Thus, 

ip'(1D2)  =  aj  ^(^2)  +  a  2  ^  ( 3  P  2  )  (2-37a) 

4*  *  ( 3 P 2 )  =  -a2  ^(lDz)  +  a  1  4j(3P2) 


( 2- 37b ) 
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r  (3P0)  =  b2  <M3P0)  +  b 2  ipi1  S0) 


(2- 37c) 
( 2- 37d) 

(2-38) 


’ t>'  (  S0)  =  -b2  ^(3P0)  +  bi  ^('Sq) 

such  that  af  +  a|  =  1  and  bf  +  b|  =  1 
and  since  there  is  only  one  level  with  J  =  1 

r  (3Pi)  =  (3Pi) 

The  coefficients  ai ,  a2 /  bi  and  b2  are  solved  in  a  manner  simi¬ 
lar  to  equation  (2—34) ,  and  the  results  for  the  p4  elements  are 
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where  terms  in  yh  and  n 2  are  omitted. 
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Hence,  the  magnetic  dipole  and  electric  quadrupole  line 
strengths  S^  and  S^  which  can  be  expressed  in  terms  of  the 

mixing  coefficients  ai ,  a2,  bi ,  b2,  as  shown  in  equations 
(7)  and  (8)  of  Shortely  et  al .  (Sh  41) ,  can  then  be 
determined.  Finally,  by  substitution  of  S^  and  S^  into 
equations  (2-20)  and  (2-21)  the  corresponding  MD  or  EQ 
transition  probabilities  are  obtained.  The  results  for 
the  np4  elements  can  be  found  in  the  tables  of  comparison 
from  Chapter  VI  of  this  thesis. 
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It  is  also  to  be  noted  that  in  the  calculation 
of  the  quadrupole  strength  S  ,  estimates  of  the  radial 
part  of  the  wave  functions 

OC 

D  =  %  /  r2  R2  (r)  dr  (2-40) 

q  5  0  np 

are  required;  it  is  thus  important  that  the  correct 
wavef unctions  be  adopted.  In  the  results  shown  in  the 
tables  of  Chapter  VI,  Garstang  used  sel f-consistant  field 
(SCF )  wavef unctions  from  Hartree  et  al .  (Ha  39)  for  01 
and  SI  and  from  Watson  and  Freeman  (Wa  61)  for  Sel  whereas 
Yamonouchi  used  those  from  Hartree  and  Black  (Ha  33)  for 
Of. 

Comments  on  the  "Perturbation  Method" 

The  various  theoretical  and  semiempirical 
A-coef ficients  so  far  obtained  by  this  method  have  been 
based  on  the  perturbation  effects  from  (1)  the  individual 
electron's  spin-own  orbit  coupling  (y)  and  (2),  the 
spin-spin  and  spin-other  orbit  of  different  electrons  (n). 
The  inclusion  of  the  spin-spin  effect  can  alter  the 
result  considerably.  For  instance,  among  the  strongest 
and  most  frequently  observed  of  the  forbidden  lines  found 
in  the  planetary  nebulae  such  as  IC  418  or  NGC  40,  in 
diffuse  nebulae  such  as  Orion  or  Messier  8  and  in  the 

o 

faint  patches  of  the  Milky  Way,  are  the  3726.16  A  and 
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3728.91  A  lines  of  [Oil]  corresponding  to  the  4S3/  -  2D3/ 
and  ksyz  ~  Z®5/2  transitions  in  the  2p 3  ground  configura¬ 
tion.  The  intensity  ratio 

i(4s3  -  2D5  ) 

2  2 

r  =  - 

I(4S3/2  -  2 D 3 /  ) 

was  derived,  using  the  spin-orbit  coupling  y  only,  by 
Pasternack  (Pa  40)  who  found  r  =  1.9,  and  Shortley  et  al . 
(Sh  41)  who  obtained  r  =  1.64,  whereas  the  value  observed 
by  Aller  et  al .  (Al  49)  is  0.49.  However,  by  including 
the  spin-spin  coupling  g ,  Aller  et  al .  (Al  49)  obtained 
a  more  satisfactory  value  of  r  =  0.58.  Thus,  although 
the  interaction  n  is  small  compared  to  y,  the  result  for 
r  is  significantly  altered.  This  is  because  n  affects 
the  intensity  of  the  forbidden  lines  in  the  first  order 
only  whereas  y  does  so  in  both  the  first  and  second  order. 

Furthermore ,  there  may  well  be  another  source 
of  perturbation  due  to  the  coupling  between  the  orbits 
of  different  electrons  -  an  effect  which  may  be  as 
important  in  magnitude  as  n .  In  treating  the  electro¬ 
static  energies  E(1S),  E(2D)  and  E(3P)  as  adjustable 
parameters,  to  be  fitted  to  observations,  rather  than 
using  the  Slater  integral  theory  whereby  6  (SP)  =  15  (DP), 
Gars tang  (Private  communication  1974)  believed  that  the 
above-mentioned  orbit-orbit  effect  has  been  taken  account 
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of  so  far  as  it  could  be  without  more  information. 
However,  this  effect  which  introduces  a  or 

aL(L+l)  correction  term  was  in  fact  taken  into  account 
separately  for  the  ( 1 S )  level  of  heavier  atoms  (Ga  64). 
This  correction  term  was  first  found  by  Trees  (Tr  52) , 
to  be  considerable  and  appropriate  for  explaining  the 
discrepancy  between  experimental  and  theoretical  term 
values  of  the  dn  configuration.  Also,  Racah  (Ra  52) 
pointed  out  that  the  aL(L+l)  correction  explains  the 
constancy  of  the  ratio  ( 1 S  -  1D)/(1D  -  3P)  in  the  2p4 
configuration.  It  may,  therefore,  be  concluded  that  if 
the  orbit-orbit  effect  has  been  fully  considered  among 
the  np4  elements,  the  values  of  n  will  all  be  different 
from  previously,  and  so  will  be  the  electrostatic  ener¬ 
gies  E^S)  ,  E^D)  ,  and  E(3P)  as  computed  from  the  five 
equations  (2-36a,b ,c,d,e) .  Thus  the  resulting  A-coeffi- 
cients  will  not  be  the  same  although  the  deviations  may 
be  very  slight  as  the  values  of  n  are  already  small 
compared  to  those  of  y. 

Another  possible  inaccuracy  from  this  pertur¬ 
bation  method  stems  from  the  use  of  a  constant  central- 
field  approximation,  i.e.  assuming  a  uniform  radial  wave- 
function  regardless  of  the  actual  states  involved  in  a 

O 

particular  transition.  Of  course,  say  for  [01]  5577  A 
2p4(3D2  -  1Sq) ,  changes  in  the  central  field  in  going 
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from  'Sq  to  'd2  should  affect  the  value  of  D  =  f  r2R  (r)  dr 

q  o  nP 

(see  equation  2-40)  ,  on  which  the  line  strength  depends. 
Garstang  (Private  communication  1974)  felt  that  different 
wavef unctions  for  the  different  terms  should  be  used  but  that 
lack  of  the  pertinent  wavefunctions  and  computer  systems  for 
deducing  them  have  prevented  him  from  doing  so. 

(b)  The  Non-Closed  Shell  Many-Electron  Theory  (NCMET)  of 

Atomic  Structure 

This  is  a  non-perturbative  and  non- relativistic 

•  • 

theory  developed  by  Sinanoglu  and  co-workers  Oksuz, 

Nicolaides  and  Skutnik  (Si  68,  Ok  69  and  Ni  71) ,  whereby  the 
exact  wavefunctions  used  in  the  calculation  of  the  forbidden- 
line  transition  probabilities  are  obtained  by  correcting  for 
the  relevant  electron  correlation  effects  in  both  ground  and 
excited  states.  Unlike  the  perturbation  method  from  the 
previous  section  where  a  constant  central-f ield  is  used 
regardless  of  the  actual  states  of  the  transition  involved, 
different  central  and  non-central  fields  are  considered  here 
in  the  determination  of  the  correlation  effects.  In  finding 
the  exact  N-electron  wavef unction ,  a  Hartree-Fock  (HF)  func¬ 
tion  is  used  as  a  starting  point,  just  as  in  the  perturbation 
method.  This  HF  component  of  the  total  wavefunction  takes 
care  of  most  of  the  long-range  part  of  the  Coulomb  field, 
and  then  the  correlation  effects  are  deduced  from  the 
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shorter  range  "fluctuation  potentials"  between  electrons, 
just  as  the  perturbation  effects  are  deduced  from  the 
"spin-orbit,  spin-spin,  spin-other  orbit  and  orbit-orbit 
interactions"  in  the  previous  method.  The  correlation 
effects  are  classified  into  three  types,  each  of  which 
can  be  distinguished  physically  and  determined  mathemat¬ 
ically  through  configuration  interaction  (Cl) . 

In  non-closed  shells  represented  by  Figs.  2-4 (a) , 

j* 

(b)  ,  (c)  ,  some  of  the  orbitals  in  the  "Hartree-Fock  sea  A" 

are  unoccupied.  The  vacancies  in  the  HF  sea  cause  new 
correlation  effects  which  do  not  exist  in  closed  shells: 

In  (a) ,  electrons  correlate  and  shift  in  pairs  (k 


Fig.  2-4.  Electron  transitions  in  the  non-closed  shells . 

from  filled  to  unoccupied  orbits  in  A  and  remain  in  the  sea. 
Such  virtual  transitions  of  electrons  within  the  HF  sea 

+ 

The  HF  sea  is  defined  as  all  the  occupied  orbitals  plus 
all  the  vacant  ones  up  to  the  next  closed  shell  configura¬ 
tion.  For  the  first  row  elements,  all  Is,  2s,  and  2p 
orbitals  (=  10) ,  occupied  or  unoccupied,  define  the  HF 
sea. 
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produce  the  so-called  "Internal  Correlations".  In  (b) , 

virtual  excitations  where  one  electron  shifts  within 

the  HF  sea  while  the  other  goes  outside  to  a  one  elec- 

f 

tron  correlation  function  k  k,  cause  the  so-called 

a  b 

"Semi-internal  Correlations".  Some  excitations  due  to 
symmetry  polarizations  are  also  considered  with  this 
effect.  Finally  in  (c)  a  pair  excitation  analogous  to 
those  in  closed  shells  occurs,  and  electrons  in  k  and 

cl 

k k  end  up  in  a  pair  -  correlation  function  outside 

the  HF  sea.  Such  effects  are  known  as  the  "External 
Correlations".  The  first  two  correlations  involve  vacant 
orbitals  lying  close  to  the  occupied  ones  and  are  depen¬ 
dent  upon  N,  symmetry  and  Z,  and  are  thus  "non-dynamical " 
or  "non-transferable"  among  systems  of  different  N,  sym¬ 
metry  and  Z.  The  third  or  external  correlations  are 
dynamical  just  as  for  closed  shells. 


Thus  in  the  NCMET  approach,  the  exact  N-elec- 


tron  wavefunction  of  an  arbitary  state  can  be  written  in 
the  form 


(2-41) 


with  all  parts  orthogonal  to  one  another. 


^’e*  <<^)RHF^int>  “  <(^>RHF^ext>  “  ^int!^ 


(2-42) 


and 


<(^rhfI^rhf>  1 


(2-43) 


can  be  calculated  quite  accurately  by  a 
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finite  configuration  -  interaction  (Cl)  expansion  with  no 
ambiguity  as  to  which  configurations  to  choose,  whereas 
Xext  can  ke  calculated  by  the  methods  discussed  by 
Silverstone  and  Sinano^lu  (Si  66) .  All  three  types  are 
important  in  calculating  energies,  but  in  calculating 
transition  probabilities,  only  the  internal,  the  semi¬ 
internal  and  polarization  correlation  effects  are  taken 
into  account  because  the  external  correlations  due  to 
their  local,  short  range  character,  do  not  affect  the 
Hartree-Fock  charge  distribution  -  a  hypothesis  borne 
out  by  results  (Si  70,  We  69).  The  wavefunctions  to  be 
used  for  calculating  the  transition  probabilities  are 
therefore  the  non-dynamical  ^Non_D  given  by 


¥ 

Non-D 


<1) 


RHF 


+  X 


int 


+  X 


semi-p 


(2-44) 


$ 

RHF 

Here  <J)  is  the  starting  wavefunction  developed 
RHF 

by  Roothan  (Ro  6  3)  which  *  in  general,  has  the  form 

^RHF  =  CK  AK  (2-45) 

where  the  Cv  are  the  vector  coupling  or  Cl  coefficients 
(many  of  which  may  be  zero  because  of  symmetry) •  G  is 
the  number  of  antisymmetrized  Slater  determinants  AR  in 
the  ground  configuration  and 

Ar  =  j4  [  fc  j  (x  x )  k2(x2)  ...  kN(x^ f)  ] 


(2-46) 
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where  A  is  the  N-electron  antisymmetri zer  operator  given 
by 

V  P 
A  =  E  (-1)  P 
P 

and  {fc.}  is  a  set  of  N  spin  orbitals  with  x.  representing 

Is  x, 

space  and  spin  coordinates  of  particle  i,  so  that 

ki(xi)  =  R  (r)  Y™  (6,40  Xm  (o  )  (2-47) 

i  i  8 1 

The  radial  functions  (r)  in  equation  (2-47)  were 

i 

obtained  by  using  Slater-type  orbitals  whose  exponents 
were  optimized,  i.e. 

,  .  =  exp(-  ar) 


X 


int 


kint 


is  given  in  its  Cl  form  by 


«) 


X 


int 


M  \  _  M! 

N  '  N !  (M-N)  ! 


(2-48) 


=  number  of  possible  different  antisymmetrized 
Slater  determinants  A  when  the  species  considered  has 

N-electrons  out  of  a  HF  sea  of  M  orbitals. 

As  indicated  by  equation  (2-48)  ,  Xint  contains 
/  M\ 

at  most  In  /  ~  G  determinants,  many  of  which,  however, 
have  C„  =  0  due  to  symmetry.  Configurations  arising  from 
single-electron  shifts  between  s  and  p  orbitals  are 
forbidden  by  parity  considerations.  Because  of  the  large 
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energy  gap  between  K  and  L  shells,  virtual  transitions 

between  them  (i.e.  Is2— 2p2  or  ls2~2s2)  do  not  make 

appreciable  contributions  to  E .  ,  .  These  considerations 

int 

restrict  Xj_nt  to ,  at  most,  three  determinants  for  the 
first  row  -  those  from  2s2— 2p2  mixing  (i.e.  Is2  2s2  2pn— 
Is  2p  Cl)  as  shown  by  the  internal  pair  excitations 
of  Fig.  2-4 (a).  The  internal  correlations  for  the  ground 
configuration  of  first  row  atoms  were  calculated  and 
studied  systematically  by  McKoy  and  Sinano^lu  (Me  64)  and 


by  Oksuz  and  Sinanoglu  (Ok  69) .  In  the  calculations 
vacant  2s  and  2p  orbitals  of  the  Is2  2s2  2pn  configura¬ 
tions  were  taken  to  have  the  same  radial  part  as  their 
occupied  counterparts  and  for  Is2  2p2 ,  the  2s  orbital  of 
Is 2  2s2  was  used  after  orthogonalizing  it  to  Is  of  Is2  2p2. 


X 


semi- 


P 


y  .  yields  a  finite  Cl  because  it  is 
^semi-p  J 

restricted  to  processes  where  only  one  electron  is  allowed 
to  leave  the  HF  sea.  In  its  Cl  expansion,  the  semi¬ 
internal  correlation-polarization  function  is  given  by 


(2-49) 


' 
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where  Z .  is  an  unoccupied  HF  sea  spin  orbital  (not 
belonging  to  A  ) ,  which  is  given  the  same  value  as  its 
occupied  counterpart. 


fK(p) 

J ka  is  a  one-electron  correlation  function  describing 
the  "polarization"  effect  due  to  the  non-central  field 
of  electrons  in  non-spherically  symmetric  states,  and 


f 


K 


; Z .  is  a  two-electron  correlation  function  describ- 


ing  the  "semi-internal"  effect. 

The  above  f  functions  are  calculated  by  a  finite  Cl 
expansion  due  to  vector  coupling  restrictions  imposed 
by  the  symmetry  of  the  state.  For  instance,  in  the  first 
row  atoms  (Is2  2s2  2pm)  the  f  functions  can  be  shown  to 
have  only  s,  p,  d,  f  symmetries  as  follows: 

From  equation  (2-49) ,  we  have 


X  ■  =  x  =  ^  cT  aF 

Asemi-p  AF 


K  K  K 


so  that,  the  semi-internal,  polarization  energy  is 
given  by 


ef  <(^rhf 


h|xf> 


K  CK  < ^RHF 


F 

r|ak> 


(2-50) 


where  ATr  are  determinants  containing  fr,  -  and  f j.  v  - 
K  Aa  Aa  b 

type  virtual  excitations  represented  by  F.  Equation 
(2-50)  contains  one-electron  integrals  of  the  type 


<k  I  h  |F>  and  two-electron  integrals  <k  k,  |  h  |  k  F>,  where 
'  p 1  a  D  PP  c 
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h  and  h  are  the  one-electron  and  two-electron  terms  in 

it  ir 

the  Hamiltonian  and  k  are  the  HF  sea  orbitals.  In  the 
first  row  (Is2  2s2  2pm) ,  the  k  can  be  of  s  or  p  orbitals 
only . 

<fc|h  |f>  =  0  if  F  has  d  or  higher  symmetries. 

ir 

The  bra  in  |  h  |  k^F> ,  i.e.  <kak^  |  can  at  most  have 

p  ®  p  -►  s ,  p ,  and  d  components . 

.'.  1  h  I  kcF>  =  0  if  the  ket  \kcF>  has  f  or  higher 

symmetries,  which  is  true  if  F  alone  has  a  g  or  higher 

symmetries  because,  if  k  is  an  s  orbital  and  F  has  a  g 

orbital,  then  |  k  F>  has  s  ®  g  -*■  g  symmetry  and  if  k  is  a 

c  c 

p  orbital  and  F  has  a  g  orbital,  then  F>  p  ®  g  +  f,  g, 
h  symmetry;  but  <k I  has  none  of  these  symmetries,  so 
that  for  <k  k,  |h  I  k  F>  ^  0 ,  F  has  at  most  s,  p,  d,  f 
symmetries.  Through  similar  reasoning,  it  can  be  shown 
that  in  the  second  row  F  has  s,  p,  d,  f  symmetries  too, 
and  in  the  third  row,  F  has  s,  p,  d,  f,  g,  h  symmetries. 

The  f  functions  have  the  same  form  as  the  k 
orbitals,  i.e. 

f(x)  =  fir)  Y£(0,4>)  X  (a  ) 
j  \  /  j  m  rr  m  z 

o 

The  four  radial  functions  of  the  first  and  second  row 
atoms,  i.e.  fir),  can  be  variationally  approximated  by 
3s-  like,  3p-  like,  3d-  like  and  4f-  like  functions  and 
can  be  expanded  as  a  sum  of  Slater-type  orbital  (STO) 
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with  an  optimized  exponent. 

An  automatic  Cl  computer  program  (Ni  71)  was 

prepared  and  used  to  calculate  Y-  ^  and  y  .  .  Thus 

int  Asemi-p 

the  wavefunctions  'i'Non_D  from  equation  (2-44)  can  be 
determined  and  when  these  are  substituted  into  equation 
(2-19)  or  (2-22),  strengths  of  the  forbidden  lines  in¬ 
volved  are  obtained.  Final  substitution  into  equation 
(2-20)  or  (2-21)  will  yield  the  values  of  the  transi¬ 
tion  probabilities. 

Comments : 

As  mentioned  previously,  this  non-perturba- 
tive  method  yields  a  more  accurate  value  of  the  A-coef- 
ficient  through  consideration  of  all  the  electron 
correlation  effects  in  central  and  non-central  fields, 
and  through  the  use  of  the  appropriate  radial  wave- 
function  of  the  different  states  involved  -  made  avails 
able  by  modern  computer  systems.  It  has  since  been 
successfully  applied  to  transitions  from  such  isoelec- 
tronic  sequences  as  those  of  Mgl  (Be  72) ,  Bel  (Ni  72) 
and  Sil  (Si  73)  and  gives  good  agreement  with  reliable 
experimental  results  from  the  beam-foil  technique. 
Moreover,  it  has  been  applied  specifically  to  the  for- 

O 

bidden  line  of  the  first  np4  element,  i.e.  [01]  5577  A 
Is2  2s2  2p4  (1S0  -  }D2)  (Ni  70,  71).  However,  this 


' 


■ 
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method  has  not  yet  been  applied  to  the  forbidden  transi¬ 
tions  of  the  other  np4  elements,  which  are  the  subjects 
of  investigation  in  this  work  (Sinanoglu, private  communi¬ 
cation  1975) .  The  situation  becomes  more  complex  for 
transitions  from  these  heavier  elements  because  the 
number  of  HF  sea  orbitals  increases  accordingly  and  the 
selection  of  relevant  Cl  becomes  more  involved. 


CHAPTER  III 


EQUIPMENT 

In  this  chapter,  the  main  equipment  used  in  the 
experiments  (1)  for  the  production  and  detection  of  the 
forbidden  and  allowed  vacuum  ultraviolet  lines  and  (2)  for 
the  absolute  intensity  measurement  of  the  spectral  lines, 
through  the  photon-counting  techniques,  is  described.  A 
picture  of  the  overall  experimental  set-up  is  illustrated 
in  Fig.  3-1. 


The  Discharge  Tube  (DT) 

It  consisted  of  pyrex  tubing  with  three  side  arms 
which  contained  the  electrodes.  The  overall  dimensions  are 
shown  in  Fig.  3-2.  Each  of  the  three  vertical  arms  of  the 
DT  contained  a  tungsten  rod  which  was  sealed  to  its  lower 
end  and  supporting  a  tantalum  electrode  (Ta) .  The  latter 
was  made  with  1.0  mm  thick  tantalum  foil  shaped  into  a 
cylindrical  form,  2.25  cm  in  length  and  with  a  spot-welded 
base  of  2  cm  diameter.  The  horizontal  part  was  sealed  at 
one  end  with  a  pyrex  window  and  at  the  other  end  with  a  LiF 
window  surrounded  by  a  Pyrex  B55/50  cone.  (The  latter  was 
to  be  fitted  to  the  entrance  slit  of  a  McPherson  vacuum 
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Fig.  3-1.  Photograph  of  the  overall  experimental  set-up. 
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Fig.  3-la. 


Diagrammatic  sketch  of  the  experimental  set-up. 


3  cm  o.d. 
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Fig.  3-2.  The  discharge  tube  (DT). 
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monochromator) .  Protruding  from  the  horizontal  part  of 
the  DT  was  an  outlet  which  led  to  a  thin  arm  for  a  0-360°C 
mercury  thermometer  (T) .  The  bulb  could  be  moved  in  and 
out  by  means  of  a  small  metal  slug  (M)  at  the  high-tempera¬ 
ture  end  which  was  acted  on  by  a  small  magnet  as  required. 

From  the  centre  of  the  middle  vertical  leg  of  the  DT  another 
outlet  led  to  a  liquid-air  trap  (LT) ,  then  to  a  high-vacuum 
glass  tap  (V)  and  finally  to  a  28/15"  'female'  end. 

The  DT  was  connected  to  a  glass  pumping  system  by 
means  of  a  metal-bellow  connector  which  had  two  28/15"  'male' 
ends  (Fig.  3-3) .  This  flexible  connector  had  the  advantage 
of  eliminating  any  strain  that  might  have  been  otherwise  placed 
on  the  DT  or  the  glass  pumping  system. 

Glass  Vacuum  System 

The  overall  system  is  shown  schematically  in  Fig.  3-3. 

The  vacuum  system  was  backed  by  a  Welch  duo-seal  oil  pump 
through  a  pentoxide  water  vapour  trap.  A  single  stage  mercury 
diffusion  pump  (Hg-DP) ,  cooled  by  tap  water,  was  used  with  a 
liquid-air  trap  (LT)  .  The  latter  prevented  mercury  from  the 
diffusion  pump  entering  the  experimental  tube  as  an  impurity. 

The  Edwards  Speedivac  Gauge  (S)  read  directly  the  pressure  in 
the  range  of  0  to  20  torr,  while  the  Norton  Ionization  Gauge 
(IG)  covered  the  range  to  1.0  torr  with  a  thermocouple  (TC) 


I  -  G. 
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Fig.  3-3.  The  glass  vacuum  system. 
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and  the  range  of  10“3  to  10~9  torr  with  a  cold  cathode  (CC) . 

Various  gases  could  be  introduced  into  the 
discharge  tube  through  expansion  chambers  (bx  and  b2),  the 
flow  being  regulated  by  high  vacuum  glass  taps  (V)  which 
were  lubricated  with  "Apiezon"  vacuum  grease.  The  gases 
used  were  "spectroscopically  pure",  supplied  by  Air  Reduc¬ 
tion  Company  (AIRCO)  or  Matheson,  and  were  contained  in 
1.1  litre  break-seal  flasks  (Bi  and  B^)  which  were  attached 
to  the  pumping  train. 

The  Spectrometers 

Two  scanning  monochromators  were  used  during  the 
course  of  this  project.  Work  in  the  visible  and  near-ultra¬ 
violet  was  carried  out  using  a  0.75  meter  Spex  Model  1500 
monochromator  (f/6.8)  while  in  the  vacuum  ultraviolet  the 
radiation  was  analysed  using  a  one-meter  McPherson  Model  225 
vacuum  monochromator  (f/10.4,  masked  to  f/5.5). 

-The  Spex  Model  1500  had  a  Czerny  Turner  mount 
with  a  plane  grating  ruled  over  an  area  of  120  mm  x  120  mm 

O 

at  1200  grooves/mm  and  blazed  for  5000  A.  With  this  grating 
installed  the  first  order  reciprocal  linear  dispersion  of 

o 

the  instrument  was  around  10  A/mm. 

The  McPherson  Model  225  had  a  normal  incidence 
mounting  with  a  one-meter  radius  of  curvature  concave  grating 
ruled  over  an  area  of  approximately  56  mm  x  96  mm  at  1200 

O 

grooves/mm  and  blazed  at  1500  A.  It  is  to  be  noted  that 
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with  this  grating  installed, the  first  order  reciprocal 

O 

linear  dispersion  of  the  instrument  was  16.6  A/mm.  The 
grating  was  overcoated  with  magnesium  fluoride  to  improve 
the  reflectance  in  the  vacuum  ultraviolet  region. 

The  vacuum  system  for  this  McPherson  monochro¬ 
mator  included  a  freon  refrigerant  unit  for  cooling  the 
Model  851  cold  trap.  The  unit  was  a  1/4  horse  power 
compressor  charged  with  Freon  12  refrigerant,  and  the 
charge  condition  was  indicated  by  a  pressure-vacuum  gauge. 
To  operate  the  vacuum  system  the  switches  on  the  control 
unit  for  the  components  -  forepump ,  diffusion  pump,  gate 
valve  to  the  main  chamber,  foreline  valve,  roughing  valve 
and  main  trap  coolant  -  were  activated  in  the  correct 
sequence . 

This  vacuum  system  also  had  safety  electrical 
interlocking  devices  which  were  automatically  activated 
in  the  occurence  of  (1)  a  sudden  rise  of  pressure  in  the 
main  chamber,  (2)  a  malfunction  of  the  cooling  system  or 
(3)  a  power  failure.  During  continuous  pumping,  if  the 
foreline  pressure  rose  to  a  level  higher  than  that  preset 
on  a  foreline  monitor,  the  diffusion  pump  would  be  de¬ 
activated  and  the  gate  valve  to  the  main  chamber  would 
close.  (This  would  prevent  back  streaming  of  the  diffu¬ 
sion  pump  oil  and  contamination  of  the  main  chamber  and 
grating.)  Also,  if  the  diffusion  pump  water  temperature 
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exceeded  the  maximum  allowed,  a  "thermal  switch"  would 
open  and  this,  in  turn,  would  close  the  gate  valve  and 
de-energize  the  pump  heater.  Finally,  a  complete  power 
failure  would  also  automatically  close  the  gate  valve. 

The  Photon  Detectors 

Three  different  types  of  photomultipliers  were 
used  during  the  course  of  this  experiment.  For  detect¬ 
ing  the  vacuum  ultraviolet  light  an  EMR  542-G  was  used, 
for  the  visible  and  near-ultraviolet  an  EMI  6256S  and 
for  the  infrared  and  near-infrared  an  EMI  9658R. 

The  operating  characteristics  of  these  photo¬ 
multipliers  are  shown  in  Table  III-l.  The  "Quantum 
Efficiency  Q(A)"  is  the  number  of  photoelectrons  emitted 
from  the  cathode  per  incident  photon  and  is  usually 
expressed  as  a  percentage.  The  "Radiant  Cathode  Sensi¬ 
tivity  E(A)"  is  related  to  the  quantum  efficiency  as 
follows  : 

A  x  Q  ( A)  x  109 

E(A)  =  -  mA/Watt 

1.2395 

where  A  is  in  meters  and  Q  is  in  electrons  per  incident 
photon.  The  "Spectral  Response"  can  then  be  given  by  a 
graphical  plot  between  Q(A)  and/or  E ( A)  vs.  the  wave¬ 
length  A.  The  actual  spectral  responses  of  the  EMI  9658R 
and  6256S  or  the  EMR  542-G  could  thus  be  obtained  from 
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Table  III-l.  Operating  characteristics  of  EMR  542-G,  EMI  6256S  and  9658R. 
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the  corresponding  manufacturer's  data. 

One  of  the  most  important  characteristics  shown 
in  Table  III-l  was  the  "Dark  Current"  -  i.e.  the  current 
produced  by  the  photomultiplier  even  when  it  was  operated 
in  complete  darkness,  and  which  arises  from  electrons 
emitted  from  the  cathode  by  agencies  other  than  incident 
light  (such  as  thermionic  emission) .  This  dark  current 
introduces  an  equivalent  "noise"  which,  however,  can  be 
neglected  if  it  is  about  a  factor  of  ten  less  than  the 
signal  current  (EMI  catalogue) . 

The  Refrigerated  Chamber  for  Photomultiplier  Tube  Operation 

The  signal-to-noise  ratio  referred  to  above 
usually  presented  the  basic  limitation  to  accuracy  in 
photoelectric  measurement.  It  was  thus  desirable  that  the 
dark  current,  which  was  mainly  due  to  thermionic  emission, 
should  be  minimized.  A  "RF  shielded"  thermoelectric 
refrigerated  chamber  Model  RFI  2010  (see  Fig.  3-5)  was 
used  to  provide  cooling  for  photomultiplier  tubes,  thus 
reducing  the  dark  current.  The  RFI  2010  version  did  not 
require  supplemental  cooling  materials  such  as  dry  ice, 
and  would  cool  the  tube  cathode  to  at  least  -20 °C  in  a 
50 °C  ambient.  The  device  also  had  a  temperature  regula¬ 
tion  control  which  could  hold  the  tube  cathode  temperature 
stable  to  ±0.5°C  within  the  selected  range  of  -20°C  to 
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+20 °C  in  a  maximum  ambient  of  +50 °C.  Heat  losses  from 
the  thermoelectric  device  plus  heat  pumped  from  the 
chamber  were  expelled  by  a  water-cooled  heat  exchanger. 

The  dark  current  noise  in  the  EMI  9658R  tube 
was  relatively  high  compared  to  that  in  either  the 
EMI  6256S  or  EMR  542-G  tube  (see  Table  III-l) ,  so  that 
its  signal-to-noise  ratio,  especially  when  the  signal 
was  from  weak  forbidden  lines,  was  usually  unsatisfactory 
( <5 : 1 )  for  the  acquisition  of  reliable  data.  Consequent¬ 
ly,  only  the  EMI  9658R  was  found  to  require  cooling. 

In  fact,  when  the  cooling  process  was  undergone  in  the 
refrigerated  chamber,  it  was  found  that  the  signal-to- 
noise  ratio  could  be  increased  by  a  factor  of  about  20 
in  around  45  minutes  when  the  chamber  was  preset  at  -10° C. 
Thus,  the  dark  current  in  the  photomultiplier  tube  could 
be  maintained  at  a  greatly  reduced  level  for  a  preset 
tube  temperature. 

The  Electronics  for  Simultaneous  Photon-Countings 

Fig.  3-4  illustrates  the  electronic  components 
employed  to  monitor  simultaneously  the  photon  counts  at 
two  different  wavelengths  belonging  to  the  same  radiating 
source.  The  analog  system  represented  by  a  chart-recorder 
and  a  mi cro-micro ammeter  was  used  to  locate  the  peaks  of 
the  spectral  lines  which  were  being  investigated.  The  data 


■ 
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Fig.  3-4.  Block  diagram  of  electronics  for  simultaneous 
photon-countings . 
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acquisition  was  performed  using  a  standard  photon  count¬ 
ing  system  consisting  of,  for  each  channel,  a  preampli¬ 
fier,  an  amplifier,  a  single-channel  analyzer  and  a 
dual  counter-timer. 

The  dual  counter-timer  Ortec  715  was  a  flexible 
data  accumulation  module,  built-in  with  two  counters  and 
a  time  base  which  could  be  used  as  the  input  to  one  of 
the  counters  when  both  counting  and  timing  were  desired. 

For  simultaneous  photon  countings  both  Ortec  715* s  were 
linked  with  a  common  time  base.  One  Ortec  715  was  set 
as  a  "Master"  and  the  other  as  a  "Slave".  Synchronized 
starting  and  stopping  of  both  Ortec  715' s  was  then  obtained 
by  using  the  control  logic  of  the  Master  only.  The  latter 
could  also  be  controlled  manually,  or  automatically, 
single  cycled  with  preset  stop  or  recycled  with  preset 
stop.  The  accumulated  data  from  both  Ortec  715  '  s  could  then 
be  monitored  visually  and/or  read  to  a  teletype  printer 
after  passing  through  a  print-out  control  unit. 

The  Standard  Lamp 

Absolute  radiant  intensities  (of  the  forbidden 
lines)  were  measured  by  comparison  with  an  Eppley  standard 
lamp  calibrated  at  the  National  Bureau  of  Standards.  The 
lamp,  shown  in  Fig.  3-5  was  a  commercial  General  Elec¬ 
tric  type  30A/T24/7  having  a  tungsten  ribbon  filament 
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(SR-8A  type)  centered  about  8  to  10  cm  behind  a  fused 
silica  window,  3  cm  in  diameter.  It  could  be  used  as  a 
laboratory  standard  of  spectral  radiance  for  the  wave- 

O 

length  region  of  2500  to  26000  A. 

For  the  region  of  longer  wavelength  (above 

O 

7500  A)  the  lamp  was  calibrated  by  comparison  with  a 
blackbody  operated  up  to  1400 °Kt  Such  a  blackbody,  made 
from  a  casting  of  an  alloy  of  20%  chromium  and  80%  nickel, 
was  so  constructed  as  to  yield  an  emissivity  of  0.999  or 

o 

higher.  As  for  the  shorter  wavelengths  or  below  7500  A,  a 
comparison  was  made  with  a  blackbody  operated  at  above 
1400 °K.  The  latter  was  made  of  highly  pure  graphite  and 
the  enclosure  so  constructed  as  to  yield  an  emissivity  of 
0.996.  The  spectral  radiance  of  either  blackbody  was 
based  upon  the  Planck  Radiation  Law.  Values  of  spectral 
radiance  supplied  by  Eppley  for  the  lamp  were  tabulated 
as  a  function  of  wavelength  in  microwatts  per  (steradian- 
millimicron-square  millimeter  of  filament) . 

An  alternating  current  was  used  to  operate  the 
standard  so  as  to  prevent  "filament-crystallizing  effects" 
that  would  occur  if  the  operation  was  on  direct  current. 

The  filaments  were  massive  and  "ironed-out"  all  effects 
of  the  normal  fluctuations  present  in  a  commercial  AC 
supply.  The  standard  lamp  was  provided  with  (1)  a  Sola 
constant  voltage  transformer  Model  23-25-210  which  was 

The  calibration  was  carried  out  by  the  Eppley  Laboratories. 
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used  as  a  line  voltage  regulator,  (2)  an  Eppley  standard 
lamp  power  supply  Model  501  which  had  a  coarse  and  a 
fine  current  adjustment  dials  and  (3)  an  Eppley  irradiance 
power  Model  SN4403  which  was  connected  to  the  lamp  by  an 
AC  line  cord. 

An  optical  bench  made  of  aluminium  was  built  in 
this  laboratory  for  positioning  the  standard  lamp  and  its 
auxilliary  plane  mirror  with  respect  to  the  spectrometer 
slit,  as  shown  in  Fig.  3-5. 

Device  Used  to  Excite  the  Discharges 

An  AC  source,  shown  in  Fig.  3-6,  was  used  to 
excite  the  discharges  in  the  tube.  Two  luminous  tube 
transformers,  one  of  60  mA  and  the  other  of  120  mA  capacity 
were  interchangeably  used  in  the  circuit,  depending  on  the 
range  of  current  required  for  the  different  types  of 
discharge.  The  line  voltage  from  the  mains  was  connected 
to  a  "Variac"  which  could  control  the  input  to  the  primary 
of  the  transformers,  and  the  secondary  was  then  placed  in 
series  with  sets  of  resistors  and  an  AC  milliameter.  The 
resistors  used  were  either  lKft  or  250Kft,  all  rated  at 
50  watts,  and  arranged  in  series  and/or  in  parallel  ac¬ 
cording  to  the  current  and  voltage  range  required.  Essen¬ 
tially,  one  end  of  the  discharge  tube  was  connected  to  the 
ground  potential  of  the  transformer  (i.e.  the  central 
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Fig.  3-5.  (1)  The  standard  lamp  set  up  with  an  auxiliary 

plane  mirror  on  an  aluminium  optical  bench. 

(2)  The  refrigerated  PM  chamber  attached  to  the 
exit  end  of  the  Spex  1500. 


Fig.  3-6.  The  AC  discharge  circuit. 


71 


point  of  the  windings)  while  the  other  end  was  made  to 
oscillate  about  ground.  Typical  potential  differences 
across  the  discharge  tube  were  around  6,000  volts. 

Spectroscopy  Photography 

The  Spex  1500  was  converted  into  a  spectrograph 
of  speed  factor  f/6 . 8  when  a  camera  unit  replaced  the 
exit  slit.  The  camera  box  supplied  with  the  instrument, 
was  replaced  by  a  more  versatile  one  built  in  our 
laboratory.  Inside  the  camera  box  was  a  holder  which 
could  accommodate  a  plate  or  film  strip  of  size  6  cm  x 
3  1/2  cm.  A  plate-cutter  with  a  diamond  edge  was  also 
built  in  our  laboratory  and  the  available  10"  x  4"  Kodak 
plates  were  cut  into  sizes  to  fit  the  holder  in  the 
camera  box. 

Spectrograms  were  taken  with  film  strips  or 
spectroscopic  plates  chosen  according  to  the  wavelength 
response  or  spectral  sensitivity  of  their  emulsion  type. 
The  sensitivity  of  different  emulsions  in  different 
spectral  regions  is  tabulated  in  "Kodak  Scientific  and 
Technical  Data  Handbook,  No.  P-9".  In  the  present  work, 
the  following  emulsion  types  were  used: 

(1)  Spectroscopic  plate  type  103a-F,  for  the  near¬ 
ultraviolet  and  visible. 

(2)  Spectroscopic  plate  type  I-N,  for  the  infrared. 
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(3)  Colour  film  EH-135,  for  the  visible. 

The  spectroscopic  plates  were  processed  by 
developing  for  4-minutes  in  D-19B  developer  and  then 
fixing  and  hardening  in  a  universal  fixing  solution. 


CHAPTER  IV 


THEORIES  OF  THE  EXPERIMENTAL  METHOD 

The  experimental  method  developed  and  employed 
in  the  determination  of  the  absolute  transition  probabil¬ 
ities  of  forbidden  lines  in  the  np4  elements  and  the 
theories  which  provide  the  basis  of  this  method  are 
discussed  in  this  chapter.  The  most  important  of  these 
theories  are  those  related  to  the  following:  (1)  the 

excitation  and  depopulation  mechanisms  of  the  metastable 
levels  whereby  we  may  establish  the  optimum  conditions 
for  producing  the  forbidden  lines  up  to  a  steady  and 
measurable  level  in  intensity,  (2)  the  absorption  pro- 
cesses  in  the  vacuum  ultraviolet  whereby  we  may  determine 
the  atomic  density  of  the  metastable  levels  and  (3)  the 
standard  spectral  radiance  whereby  we  may  obtain  the 
absolute  intensity  of  the  forbidden  lines. 

4 . 1  Excitation  Mechanisms 

(a)  Direct  Electron-Atom  Collisions 

The  excitation  of  the  metastable  levels  (1S)  and 
(2D)  in  the  np4  elements  is  accomplished  to  a  large  extent 
by  electron-atom  collisions  of  the  second  kind.  For 
example,  for  an  np4  element  M  in  the  3P  ground  state. 
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M(3P)  +  e(v')  M(JS)  +  e(v") 
M(3P)  +  e(v')  +  M  ( 1 D)  +  e  ( v"  ) 


(4-2) 


(4-1) 


where  v'  and  v"  are  different  velocities. 

The  number  of  atoms  excited  per  sec  from  the  ground 
state  o  to  a  metastable  state  j  by  electron  collisions 
is  given  by 


(4-3) 


where  n  is  the  electron  density;  N  ,  N.  are  the  atomic 
“  o 

density  of  the  ground  and  of  the  metastable  state  respec- 


level  j  from  ground  state  o  given  by 

a  .  =  fa  .  n(E)  v(E)  dE  (4-4) 

03  J  03 

where  a  .  is  the  excitation  cross  section  of  level  3 
from  level  o;  n(E)  is  the  normalized  electron  energy 
distribution  function;  and  v(E)  is  the  electron  velocity. 
Equation  (4-3)  shows  that  for  a  given  atomic  density  in  the 
ground  state,  the  populating  process  of  the  metastable 
level  by  electron  collisions  is  directly  proportional  to 
the  number  of  electrons  n  ,  i.e.  to  the  discharge  current. 

(b)  Excitation  by  "Cascade"  Energy 

A  metastable  level  can  also  be  populated  by 


cascades"  from  higher  levels  through  allowed  transitions. 
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and  group  theory  by  Wigner  and  Witmer  (Wi  2  8)  and, 
using  more  elementary  considerations,  by  Herzberg  who 
collected  the  results  of  all  cases  of  practical  impor¬ 
tance  in  Tables  26  to  28  of  "Molecular  Spectra  and 
Structure,  Volume  I"  (He  50).  However,  these  rules  are 
valid  and  complete  for  normal  LS-coupling  of  the  mole¬ 
cules  and  atoms ;  departures  from  such  coupling  will 
allow  for  cases  that  violate  the  rules. 

Besides  the  Wigner-Witmer  rules  there  is  an¬ 
other  important  criterion  that  is  more  pertinent  in  the 
determination  of  the  actual  dissociation  products  -  it 
is  the  "Energy  Resonance"  involved  in  the  dissociative 
processes.  However,  to  establish  the  resonant  dissocia¬ 
tive  reaction,  a  quantitative  knowledge  of  the  following 
must  be  taken  into  account:  (1)  "the  potential  curves" 

*4* 

or  the  'dissociation  limits"  of  the  molecules  under 
consideration;  (2)  the  energy  levels  of  the  excited 
foreign  atoms  or  molecules  from  which  the  dissociation 
energy  is  transferred. 


+  , 

The  "dissociation  limits"  of  an  excited  molecular  state 
correspond  to  the  position  of  the  convergence  limit  of 
bands  or  of  the  beginning  of  the  continuum  under  consid¬ 
eration  . 
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Examples  for  Oxygen: 

(i)  Photodissociation 

Of  all  the  possible  photodissociation  products 

of  the  oxygen  states  X  3Z“,  B  3Z"  and  D  3n  ,  the  ones 

g  u  u ' 

which  are  most  likely,  after  considerations  of  the 
Wigner-Witmer  Correlation  Rules  and  Energy  Resonance, 
are  the  following: 

02(X  3ZJ  +  hv  -*  0(3P)  +  0  ( 3P)  +  K.E.  (4-6) 

y 

o 

(Dissociation  Limit:  2440  A  =  5.12  eV) 

02(B  3Z~)  +  hv  +  0 ( 3P)  +  0 ( 1 D)  +  K.E.  (4-7) 

o 

(Dissociation  Limit:  1759  A  =  7.05  eV) 

02(D3nu)  +  hv  -+  0  ( 3P )  +  O  ( 1 S )  +  K.E.  (4-8) 

O 

(Dissociation  Limit:  1340  A  =9.27  eV) 

(ii )  Dissociation  by  Energy  Transfer  from  Excited  Foreign 
Atoms  or  Molecules : 

(1)  From  excited  foreign  xenon  atoms  Xe*  (Wa  72) : 

Xe  +  e(v')  -*  Xe*  +  e(v")  (4-9) 

Xe*  +  0„(X  3I“)  ->  Xe  ( 1 S)  +  0(3P)  +  0(1S)  (4-10) 

2  g 

Here  Xe(JS)  are  the  ground  state  atoms  of  xenon  and  the 
energy  released  from  Xe*  atoms  is  taken  up  by  02 (X  3 1  ) 

g 

for  its  dissociation. 

(2)  From  excited  nitrogen  foreign  molecules  (Me  69) : 

N  2  +  e(v')  +  N2(A  3zh  +  e  (v" )  (4-11) 

N2(A  3l  +  )  +  02(X  3IJ  -►  N2  (X  +  )  +  0(lS)  +  0(3P)  (4-12) 
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3  + 

Here  N2(A  Z^)  are  the  foreign  excited  molecules,  and  the 
energy  released  in  the  collision  is  used  to  dissociate 
the  ground  state  oxygen  molecules  into  the  metastable 
atoms . 

(iii)  Excitation  by  Direct  Atom-Foreign  Molecule 
Collisions ; 

Foreign  excited  molecules  can  also  directly 
excite  the  ground  state  atoms  of  the  np4  elements  into 
the  metastable  ( 1 2 S ) .  For  example  (Pa  70): 

N2(A  3Z  +  )  +  0(3P)  +N2(X  jE+)  +  0(IS).  (4-13) 

(d)  Depopulation  Mechanisms  and  the  Buffer  Gas 

The  excitation  mechanisms  described  above 
indicate  two  main  criteria  in  the  production  of  the 
forbidden  lines,  namely,  (1)  the  presence  of  a  foreign 
agent  for  the  energy-transfer  type  of  excitations,  and 

(2)  the  presence  of  an  electric  current  for  the  excita¬ 
tions  by  electron  collisions.  However,  the  above-men¬ 
tioned  considerations  do  not  exhaust  all  possible  factors 

which  may  be  contributing  to  the  intensity  of  the  for¬ 
bidden  lines  produced. 

The  metastable  atoms  can  also  be  destroyed  by 
collisions  with  other  species  or  with  the  walls  of  the 
discharge  tube.  Consequently,  an  approximate  treatment 
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of  diffusion  effects ,  involving  the  mean  distance  A 
that  a  metastable  atom  diffuses  before  radiating  spon¬ 
taneously  and  the  mean  free  path  p  that  it  travels 
between  two  collisions,  may  be  considered. 

The  mean  free  path  of  an  atom  is  inversely 
proportional  to  the  pressure  of  the  medium  in  which  it 
is  moving  (Ar  65a) .  A  lower  collision  frequency  and 
thus  less  deactivation  would  therefore  be  expected  from 
the  use  of  a  low  pressure  medium  in  the  discharge  tube. 

An  inert  gas ,  usually  introduced  into  the  discharge  me¬ 
dium  to  "buffer"  the  deactivating  collisions  between 
the  metastable  atoms  of  interest  and  the  discharge  tube's 
walls,  would  however  increase  the  medium's  pressure  and 
enhance  the  chance  for  collisions.  Fortunately  there  is 
no  de-activation  in  a  collision  between  a  metastable 
atom  and  an  inert  gas  atom,  since  the  excitation  poten¬ 
tials  of  their  lowest  energy  levels  vary  from  8.3  eV  for 
xenon  to  19.8  eV  for  helium  (Table  IV-1)  and  these  are 
all  much  above  the  energies  of  the  metastable  states 
(Figs.  6-1,12,17)  being  considered  here. 

Calculations  based  on  the  theory  of  probability 
show  that  the  mean  distance  A  is  related  to  the  diffusion 
coefficient  D  and  to  the  mean  life  t  as  follows  (Ar  65b) : 

A  =  /Dr  (4-14) 


. 
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It  was  also  shown  by  McDaniel  (Me  64)  that  D  is  inversely 
proportional  to  the  pressure  of  the  medium,  therefore  A 
is  inversely  proportional  to  the  square  root  of  the  pres¬ 
sure.  Thus,  when  the  pressure  of  a  discharge  medium  is 
increased  (such  as  when  a  buffer  gas  is  introduced)  ,  the 
path  A  that  the  metastable  atom  would  travel  before  radiat¬ 
ing  spontaneously  will  decrease. 

The  upper  atmospheric  pressure  is  very  low 
(-  10” 4  torr  at  an  altitude  of  100  km)  ,  so  that  to  simulate 
such  conditions  in  the  laboratory/  for  the  studies  of  forbidden 
lines  as  observed  in  the  aurorae,  would  require  an  extremely 
large  discharge  vessel.  This  is  rather  impractical  for 
laboratory  work,  but  from  the  above  discussion  we  can  see 
that  the  compromise  solution  is  to  use  a  buffer  gas  mixed 
with  a  small  proportion  of  the  element  to  be  investigated 
in  a  gaseous  or  vaporized  form. 


4 . 2  Absorption-Line  Theories 

In  the  previous  section  the  theories  on  the 
population  and  depopulation  mechanisms  of  the  low-lying 
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metastable  levels  in  the  np4  elements  were  treated. 

Here  we  shall  see  how  the  optical-line  absorption  the¬ 
ories  can  be  applied  in  the  determination  of  the  net 
population  of  such  a  metastable  level. 

(a)  The  Absorption  Line 

When  light  passes  through  a  transparent  me¬ 
dium,  such  as  an  element  in  a  gaseous  or  vaporized  form, 
it  emerges  diminished  in  intensity.  Part  of  the  light 
may  be  lost  through  scattering  or  reflection  at  the 
surfaces ,  but  the  rest  is  said  to  be  lost  through 
"absorption"  by  the  medium.  (The  absorbed  energy  may  be 
transformed  into  heat  or  into  fluorescent  or  phosphores¬ 
cent  light  of  longer  wavelengths.)  The  well-known 
"Lambert-Bouguer  Law"  gives  the  relationship  between  the 
intensities  of  the  radiation  incident  on  and  transmitted 
by  a  layer  of  absorbing  material.  This  law  is  expressed 
in  the  form  that  each  successive  layer  of  thickness  dx 
of  the  medium  absorbs  the  same  fraction  dl/I  of  the  radi¬ 
ation  of  intensity  I  incident  upon  it,  i.e. 

Q  =  -  k  d£  (4-16) 

I  v 

where  k^  is  the  constant  rate  of  absorption  at  a  frequen¬ 
cy  v  and  is  called  the  "Absorption  Coefficient", 
tion  (4-16),  on  integration,  becomes 


Equa- 
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Iv  =  I0  e  kvX  (4-17) 

where  I0  is  the  (unattenuated)  intensity  of  radiation 

just  inside  a  layer  of  thickness  x  and  I  is  the  emer- 

v 

gent  intensity. 

If  the  absorbing  medium  has  an  "absorption 
line"  at  the  frequency  v0 ,  then  part  of  the  energy  ab¬ 
sorbed  will  be  used  to  raise  atoms  from  the  lower  energy 
level  j  to  the  upper  level  i  of  that  line  and  the  fre¬ 
quency  distribution  of  the  line  intensity  I0  will  be  as 
shown  in  Fig.  4-1;  the  corresponding  frequency  distribu¬ 
tion  of  the  absorption  coefficient  k^  will  be  as  shown  in 
Fig.  4-2.  Maximum  absorption  corresponding  to  k0  occurs 
at  the  centre  of  the  line  vQ.  The  width  of  the  chord 
joining  the  two  points  of  the  curve  where  k^  has  fallen 
to  half  its  maximum  is  called  the  "half  width"  of  the 
absorption  line  and  is  denoted  by  Av.  The  latter  will 
differ  according  to  the  way  the  absorption  line  has  been 
broadened . 

(b )  Absorption-Line  Breadths 

There  are,  in  general,  five  types  of  processes 
that  may  contribute  to  the  broadening  of  an  absorption 
line  of  a  gas.  They  are  as  follows: 

(1)  Natural  broadening 


■ 
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v  sec 

Fig.  4-1.  An  absorption  line. 


Fig.  4-2.  The  frequency  distribution  of  the 
absorption  coefficient  in  an 
absorption  line. 
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(2)  Doppler  broadening 

(3)  Collision  broadening 

(4)  Pressure  broadening 

(5)  Stark  broadening. 

In  many  cases  it  is  possible  to  choose  experi¬ 
mental  conditions  such  that  all  but  one  or  two  broadening 
processes  are  completely  absent  or  negligible.  The 
present  experiments ,  leading  to  the  A-values  of  forbidden 
lines,  were  performed  under  conditions  in  which  only  the 
Doppler  (and  natural)  broadening  prevailed.  To  see  how 
this  is  possible,  a  brief  comparison  of  the  different 
half  widths  is  treated  here. 


The  Doppler  Effect  is  due  to  the  random  motions 


of  the  atoms  or  molecules  in  a  gas  and  the  half  width 
(Wh  34a)  of  a  spectrum  line  broadened  by  such  effect  is 
given  by 


(4-18) 


where  T  is  the  absolute  temperature  of  the  moving  atoms 
or  molecules,  M  the  molecular  weight,  v0  the  frequency 
at  the  line  centre,  R  the  universal  gas  constant  and  c 

the  velocity  of  light.  For,  say,  a  sodium  D  line  at 

°  ° 
X5893  A  at  500  K,  equation  (4-18)  gives  a  AAd  of  0.02  A, 

a  value  which  is  about  200  times  as  large  as  the  natural 

half  width  (see  the  next  page) . 


■ 
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The  Natural  width,  (Av^)^,  of  a  line  is  equal  to 
the  sum  of  the  widths  of  the  two  levels , 

(4-18) 

where,  by  the  principle  of  indeterminacy, 


(Av  )  =  (Av  )  .  +  (Av  ) 

N '  lh  Ny  1  N '  h 


(AvN)i  =  AE^/h  =  1/2ttt^  ( t_.  =  lifetime  of  level  i) 

Thus,  for  the  absorption  lines  used  in  this  work,  it  can  be 

° 

shown  that  (Av^)^  -  1  x  10  A,  i.e.,  the  natural  width  is 
negligible  compared  to  that  of  the  Doppler  effect. 

The  Collision  and  Pressure  effects  are 
characterized  by  the  following:  If,  during  the  time  an 
atom  is  emitting  or  absorbing  radiation,  it  collides 
elastically  with  another  atom,  the  phase  and  amplitude 
of  the  radiation  have  a  chance  of  undergoing  a  consider¬ 
able  change.  The  Collision  effect  is  categorized  as  that 
occurring  when  the  mean  time  between  collisions  is  long 
compared  with  the  collision  time  whereas  if  the  mean  time 
between  collisions  is  short  compared  with  the  collision 
time,  the  Pressure  effect  will  occur.  However,  the  con¬ 
ditions  for  the  latter  exist  in  a  gas  only  when  the  pres¬ 
sure  is  relatively  high  (-  10  atmospheres) ;  thus  this 
type  of  broadening  is  seen  to  be  negligible  under  the 
pressure  conditions  chosen  in  the  present  experiments . 

The  Collision  half  width  (Wh  34c)  is  given  by 


4N-  Dp 

Av  =  — - 

C  /rTjjtt 


(4-20) 


where  N  is  the  Avogadro ' s  Number  or  6.06  x  10 2 3  mole  1 , 
A 


-  l 
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D  the  effective  collision  diameter,  p  the  pressure  and 
y  the  reduced  molecular  weight  of  the  two  colliding 
species  (one  of  which  may  be  foreign) .  For  visible 
light  at  273°K  and  p  =  760  torr,  Av  -  Av  (Wh  34d) . 

O  J_/ 

For  typical  experimental  conditions  in  this  project,  i.e. 

o 

1200  A  light  with  T  about  500 °K  and  20  torr  pressure 
we  have 


Av 


D 


5000 

.1200 


500 

273 


x 


760 

20 


Av 


*  300  Av 


Thus,  collision  broadening  is  negligible  compared  to 
Doppler  broadening  for  the  conditions  employed  in  the 
present  work. 

Stark  broadening  is  due  to  the  strong  electric 
field  produced  by  the  collisions  between  ions  and  atoms 
or  to  "ion"  fields.  However,  under  the  chosen  conditions 
of  the  present  experiments,  the  current  (<_  100  mA)  would 
be  too  low  to  produce  sufficient  energy  to  dissociate  the 
molecules  in  question  and  ionize  the  resulting  atoms 
afterwards.  Also,  the  only  region  in  the  discharge  where  a 
Stark  effect  might  occur  would  be  that  around  the  electrodes , 
where  the  potential  gradient  might  be  around  30,000  volts/cm. 

However,  the  electrodes  are  situated  at  the  bottom  of  the 

vertical  arms  of  the  discharge  tube;  consequently,  the  lines 
viewed  would  be  practically  free  from  Stark  broadening,  under 
the  conditions  of  the  present  experiment. 


, 
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( c)  The  Absorption  Coefficient  kn  and  the  Population 

Density  N 

Having  ascertained  that  the  Doppler  effect  is  the 
only  important  factor  that  contributes  to  the  broadening 
of  the  absorption  lines  involved  under  the  chosen  condi¬ 
tions  of  the  present  experiments,  we  can  now  consider 
the  population  N  of  the  metastable  levels  and  their 
relation  to  the  absorption  coefficient  k^  due  to  the 
Doppler  effect  only: 

It  is  well-known  (Mi  34a)  that  for  Doppler  broad¬ 
ened  lines,  the  absorption  coefficient  is  given  by 


kv  =  k0  exp  - 


OC 


‘V 


OC 


0 


‘V 


k0  Av 


D 


ih 


—  / 
Avd7 


2 (v-v0) 

2 

/in  2 

(4-21) 

Av 

L  D 

)  we  obtain 

1  /  17  k 

2  v  In  2  K° 

Avd 

(4-22) 

34b)  have 

shown 

that 

2 

Tre 

v  =  —  Nf 
me 

(4-23) 

os  cillator 

strength 

of 
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4-22)  and 

(4-23) 

we 

obtain 

/in  2  Tre 2 
v  it  me 

Nf 

(4-24$) 

an  absorption  line 
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ih 
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Hence,  if  the  f-value  of  the  line  is  known  and  also  Av^ 
which  can  be  derived  from  the  temperature  T  of  the  gas 
atoms  or  molecules  in  question  (see  equation  4-18) ,  then 
the  population  density  N  of  the  lower  level  i  can  be 
deduced  from  equation  (4-24)  ,  provided  that  the  absorp¬ 
tion  coefficient  kQ  at  the  centre  of  the  line  has  been 
first  determined  independently. 

(d)  Theory  of  the  Experimental  Determination  of  the 

Absorption  Coefficient 

To  deduce  the  population  density  N  of  a  meta¬ 
stable  state  in  a  np4  element  from  equation  (4-24)  the 
absorption  coefficient  k0  of  an  allowed  line  whose  lower 
level  is  this  metastable  state  must  be  first  determined 
separately.  This  allowed  line,  in  general,  falls  in  the 
vacuum  ultraviolet  region  of  the  spectrum.  Consequently, 
part  of  the  experimental  procedures  will  be  concerned 
with  vacuum  ultraviolet  techniques  and  instrumentation. 

The  determination  of  kQ  is  based  on  a  theory 
which  is  a  slight  variation  of  that  used  by  Harrison 
(Ha  59)  in  his  studies  on  self-absorption  within  a  plasma. 
The  discharge  medium  can  be  regarded  as  being  uniform  and 
cylindrical  in  shape  and  the  theory  which  follows  is  val¬ 
id  provided  that  the  optical  arrangement  shown  in  Fig.  4-3 
is  such  that,  for  all  measurements. 


,  aioBUpseacr,  .iSr  Jseq*  •  M  •'  aotytn  tBlaivsti  Its  ™sso*v 
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(t  +  L) 20  <  D  (4-25) 

Let  T  be  the  transmission  coefficient  of  the  window 
material  of  the  discharge  tube  and  let  the  monochromator 
slit  have  width  w  and  height  h.  Then  for  an  element  dx 
of  the  discharge  medium, the  corresponding  volume  element 
that  radiates  isotropically  and  that  is  bounded  by  the 
conic  sections  whose  apex  points  form  the  slit  area  and 
whose  bases  are  always  on  the  left  end  (CP)  of  the  dis¬ 
charge  medium  (the  diameter  of  each  of  these  bases  £  D) , 
can  be  shown  to  be 

[w  +  (t  +  x)20]  [h  +  (t  +  x)20]  dx 
Also,  only  a  faction  Thw/4ir(t  +  x)  2  of  the  radiant  flux 
from  the  above  volume  enters  the  spectrograph  slit. 
Therefore,  the  "effective"  volume  element  that  enters  the 
spectrograph  slit  is 

dV  =  — —  [w  +  (t  +  x)20]  [h  +  (t  +  x)  2 0  ]  dx  (4-26) 
4  it  (t+x)  2 


And , 


since  w  <<  h  << 


(t+x) 2  0 , 
Thw0 

dV  = 

7T 

=  C  dx 


the  effective  volume  becomes 
2 

—  dx 

(4-27) 


4- 

where  C  is  a  constant; 

Suppose  the  intensity  emitted  in  the  frequency 
interval  dv  is  Ev  dv  per  unit  volume  of  the  discharge, 
then  the  intensity  of  the  whole  emitted  line  per  unit 


^Through  rigorous  consideration,  it  can  be  shown  that  C  is 
fact  a  "weak"  function  of  x,  which,  like  a  constant,  would 
cancel  out  in  the  ratio  IL/I£  expressed  in  equation  4-37. 


in 
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volume  of  discharge  is 

I  =  jEv  dv  (4-28) 

where  the  integration  is  across  the  whole  line. 

Also,  suppose  that  light  from  the  element  dx  is  partly- 
absorbed  according  to  Lambert-Bouguer  law,  i.e. 

E  =  E  exp  (-  k  x)  (4-29) 

where  k^  is  the  absorption  coefficient  per  unit  length 

for  light  of  frequency  V;  then  the  total  intensity  of 

the  emitted  line  entering  the  monochromator  and  from  the 

whole  volume  of  the  discharge  (which  is  then  of  length  L 

as  shown  in  Fig.  4-3)  is 

W 

ZAC  =  ZL  =  ff0  Evo  eXp  (_  V>  dV  dV  (4~30) 

Substituting  equation  (4-27)  into  (4-30)  we  have 

vL 

JAC  =  ZL  =  ;f0  C  EVO  SXP  ("  kVX)  dX  dV  (4‘31) 
Similarly,  under  the  same  discharge  conditions,  the  total 
intensity  of  the  emitted  line  from  a  smaller  volume 
corresponding  to  a  length  i  of  the  discharge  and  which 
is  on  the  right  hand  section  of  the  discharge  (see 
Fig.  4-3)  is 

v£ 

T  n  =  I  =  //  C  E  exp  (-  k  x)  dx  dv  (4-32) 

AB  l  0  vo  V 

Again,  for  the  volume  of  the  discharge  from  the  left  hand 

section  of  the  discharge,  the  intensity  is 

VL 

IBC  =  1 CL-A)  =  f{  C  Evo  exp  (-  kvx)  dx  dV  (4_33) 
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However ,  this  intensity  will  be  further  attenuated  by 
the  absorbing  path  0  -»•  Z,  so  that  I  is  actually  given 


by 

IBC 

r  vl 

1  (l-&)  = L  w  c  Evo  exP  C”  kvx)  dx  dvJ  exP 

(-  k^£)  (4-34 ) 

Now,  if  the  line  has  a  Doppler  profile,  then  we  may 
write  as  in  equation  (4-21)  (Mi  34a) 

kv  =  ko  exP  (-  w2)  Ev  =  E00  exp  (-  a)2)  (4-35) 


where 

2 (v  -  v0) 

10  =  - J— -  In  2  (4-36) 

and  Avd  is  given  as  in  equation  (4-18) . 

Taking  the  ratio  of  equation  (4-31)  to  (4-32)  and  then 


substituting 

(4-35)  into  the  resulting  ratio,  we  obtain 

ZAC  IL 

IAB  I£ 

1  w  1 

f  [1  -  exp  {-  k0L  exp  ( —  oo 2 )  }  ]  dco 

rm -  (4_37) 

'  f  '  [1  -  exp  {-  k0£  exp  (-  oo 2 )  }  ]  dco 

Similarly  ,  taking  the  ratio  of  equations  (4-31)  and 
(4-34)  and  then  substituting  equation  (4-35)  into  the 
resulting  ratio,  we  obtain 


JAC  _  IL 

IBC  1  (L-£ ) 

M 

/  [1  - 

-k0L  exp  ( — co 2 )  k0£  exp  (-m2)]  dm 

— - - -  (4-38) 

[  -k0&  exp  ( — co 2 )  _  -k0L  exp  (-gj2)]  da) 

The  intensity  ratios  from  equations  (4-37)  and  (4-38)  can 
be  evaluated  on  a  computer  for  different  values  of  k0&, 
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with  the  upper  limit  |  co  |  of  the  integrations  set  by  the 
bandwidth  of  the  line  beyond  which  absorption  is  absent 
or  negligible.  Figs.  4-4a  &  b  show  the  result  correspon— 
ing  to  equation  (4-37),  in  which,  L  =  2.031&  and  |  a)  |  =  3.0. 
The  value  of  kQ  for  a  certain  line  can  then  be  determined 
in  the  following  way:  The  intensities  are  measured  for 
the  two  lengths  Z  and  L  of  the  discharge,  both  measure¬ 
ments  being  made  under  the  same  conditions,  and  the 
intensity  ratio  I^/I^  is  then  deduced.  This  ratio  is  then 
located  on  the  ordinate  of  one  of  the  graphs  in  Figs.  4-4a 
&  b  and  the  corresponding  value  of  k  Z  is  interpolated. 
Since  Z,  the  discharge  length  corresponding  to  AB  in 

Fig.  4-3,  is  known,  the  value  of  k  can  therefore  be  de- 

o 

duced. 

4 . 3  Spontaneous  Transition  Probabilities  of  "Forbidden" 
Lines 

We  have  seen  how  the  absorption  coefficient  kQ 

of  an  allowed  ultraviolet  line  of  frequency  can  be 

determined  and  consequently,  how  the  population  density 

N  of  its  lower  state  i  can  be  calculated  from  equation 

(4-24),  after  having  assumed  the  f-value  of  the  line. 

Now  we  shall  use  this  value  of  N  in  the  determination  of 

the  A-coef f icient  of  a  line  of  frequency  v. .  as  follows: 

i  j 

From  Einstein's  relation  we  know  that  the  intensity 
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Figs.  4-4a  &  b.  IL/In  vs •  k0^  for  0xYgen  (L  =  2.031£). 
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I  of  any  spectral  line  of  frequency  v  is  proportional 
to  the  spontaneous  transition  probability  of  that  line 
and  the  population  density  N  of  its  upper  state,  i.e. 

I  =  NA  hv  (4-39) 

where  h  is  Planck's  constant. 

In  the  present  cases  where  forbidden  transitions  between 
metastable  states  i  and  j  in  the  np4  elements  are  in¬ 
volved,  equation  (4-39)  may  be  written  more  specifically 
as 


I.  .  =  GN.  A.,  hv.. 
13  i  13  13 


(4-40) 


where  I. .  and  A. .  are  the  absolute  intensity  and  the 
13  13 

spontaneous  transition  probability  respectively,  of  the 
forbidden  line  of  frequency  v^  (see  Fig.  4-5)  ;  G  is 
a  geometrical  factor  and  is  the  population  density 
of  the  state  i. 

INh  ,  from  the  net  result  of  the  populating  and 

depopulation  processes  of  the  state  i,  should  have  a 

steady  value  for  a  given  condition  of  the  discharge. 

As  mentioned  before,  this  value  is  obtained  by  first 

determining  the  k0-value  of  an  allowed  ultraviolet  line 

of  frequency  v^h  and  then  substituting  in  equation 

(4-24).  Thus,  a  measurement  of  the  absolute  intensity 

I.  .  and  of  the  steady  state  population  N.  should,  as 
13  1 

indicated  by  equation  (4-40),  yield  a  value  for  A^. 
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Fig.  4-5.  The  allowed  and  the  forbidden  lines  with  a 
common  state  i. 

One  important  aspect  that  should  be  pointed 
out  here  is  that  the  measurement  of  I. .  and  N.  should  be 

13  1 

made  simultaneously .  This  is  made  possible  by  employing  a 
correct  instrumentation  arrangement  (described  in  the 
next  chapter) . 

4 . 4  The  Absolute  Intensity  Measurement 

To  obtain  the  absolute  A-coef f icient  of  a 

forbidden  line  we  have  to  measure,  among  other  quantities 

(equation  4-40)  ,  the  absolute  intensity  of  that  line.  To 

+ 

do  this,  a  calibrated  standard  of  spectral  radiance  in 
the  form  of  a  tungsten  strip  lamp  may  be  used. 

+ 

The  "Spectral  Radiance"  is  the  Radiant  Power  per  unit 
solid  angle  per  unit  area  of  source  per  unit  wavelength 
interval . 


98 


(a)  The  Standard  of  Spectral  Radiance 

Much  research  has  been  carried  out  on  tungsten 
lamps ,  in  particular  regarding  the  spectral  emissivity 
of  tungsten  (Or  36,  De  54,  Sc  68).  Although  all  the 
results  are  not  in  perfect  agreement,  it  is  generally 
acknowledged  that  with  reasonable  caution  the  emmissiv- 
ity  of  pure  clean  tungsten  ribbon  remains  fairly  con¬ 
stant  throughout  the  life  of  the  lamp.  The  determina¬ 
tion  of  the  spectral  distribution  of  radiant  energy  from 
a  tungsten  filament  lamp  has  then  been  obtained  by  making 
use  of  the  published  values  of  the  emissivity  of  tungsten 
(St  43,  Co  57,  Ba  59).  However,  in  these  calculations, 
no  account  was  taken  of  the  effects  of  impurities  present 
or  of  the  size,  shape  and  crystalline  structure  of  the 
filament.  All  these  properties  affect  markedly  the  true 
spectral  and  total  emmissivity  (De  54).  Furthermore, 

De  Vos  (De  54)  found  that  interreflections  within  the  lamp 
affect  the  total  spectral  radiation  from  a  particular 
tungsten  strip.  In  order  to  obtain  the  correct  spectral 
radiance  of  a  lamp,  it  became  necessary  that  the  partic¬ 
ular  lamp  be  calibrated  against  a  blackbody.  The  types 
of  blackbody  and  the  standard  tungsten  lamp  used  in  this 
work  are  described  by  Stair  et  al .  (St  60),  working  at  N.B.S. 

It  has  been  well  established  that  the  spectral 
radiation  characteristics  of  a  blackbody  may  be  defined 
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in  terms  of  certain  physical  laws.  Thus,  from  Planck’s 
radiation  law,  the  radiant  intensity  of  a  blackbody  at 
an  absolute  temperature  T  in  the  wavelength  interval 
(A,  A+d  )  is  given  by 

R  C  i  dA 

I  ( A  ,T )  dA  =  -  (4-41) 

-  (&  -  ■) 

where  the  radiation  constants  Cx  and  C2  are  given  as 
follows : 

Cj  =  1.1908  x  10“i2  watt-cm2  -  ster" 1 
C2  =  1.4  3  80  cm °K 

g 

and  I  (A,T)  is  in  watt-cm-2  ster"  Von  wavelength  inter¬ 
val  . 

-  The  radiant  intensity  at  the  surface  of  the 
tungsten  strip  at  a  temperature  T  in  the  wavelength 
interval  (A,  A+d  ) ,  in  a  direction  normal  to  the  surface, 
is  defined  by 

I  ( A  ,T )  dA  =  e  ( A  ,T)  IB(A,T)  (4-42) 

g 

where  I  (A,T)  is  given  by  equation  (4-39) ,  and  e(A,T) 

+ 

is  the  "normal  spectral  emissivity"  of  the  tungsten 
ribbon  surface  with  a  value  varying  between  0  and  1. 

+  .... 

The  normal  spectral  emissivity  is  the  ratio  of  the 

spectral  radiant  intensity  in  a  direction  normal  to  the 

surface  of  the  strip  at  a  temperature  T  in  the  wavelength 

interval  (A,  A+dA)  to  that  of  a  blackbody  at  the  same 

temperature  and  in  the  same  wavelength  interval. 
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e(A,T)  was  determined  for  a  tungsten  ribbon  surface  by 
De  Vos  (De  54)  as  a  function  of  wavelength  at  temperatures 
ranging  from  1600  to  2800 °K.  The  temperature  T  was  de¬ 
rived  from  the  brightness  temperature  of  the  ribbon 
surface  with  the  aid  of  a  disappearing  filament  pyrometer 
(Ru  54).  Thus,  knowing  the  wavelength  A,  the  temperature 
T  and  the  corresponding  emissivity  e,  the  absolute  radi¬ 
ance  of  the  tungsten  strip  lamp  for  a  certain  geometry 
can  be  deduced  from  equation  (4-41)  and  (4-42) .  The 
EPT-1182  tungsten  ribbon  filament  lamp  used  in  this  work 
was  calibrated  at  a  temperature  T  corresponding  to  a 
current  supply  of  35  amperes  and  a  table  of  results  on 
the  absolute  spectral  radiance  E  ( A ,T )  in  microwatt/ 
steradian-nanometer  wavelength  interval  -  mm2  source  area, 
is  given  for  a  wavelength  region  ranging  from  0.25  to 
2.6  microns  (Table  IV-2) . 

(b)  Absolute  Intensity  of  the  Forbidden  Lines 

The  absolute  radiant  intensity  of  a  forbidden 
line  from  a  particular  volume  of  the  discharge  and  through 
a  given  slit  width  can  be  determined  by  comparing  it  with 
the  known  spectral  radiance  of  a  standard  ribbon  lamp  as 
follows  : 

The  forbidden  line  observed  from  a  particular  volume 
of  discharge  and  the  radiation  from  the  ribbon  surface  of 
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Table  IV- 2 .  Spectral  radiance  E(A,T)  in  microwatts  per 

(s teradian-nanomete r-mm2  of  source)  of  lamp 
No.  EPT-1182  operated  at  35  Amperes,  supplied 
by  Eppley  Laboratory. 

\  (nm  E  my)  Spectral  Radiance 
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1.39 

X 

10“2 

260 

3.09 
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10“2 

270 

5.56 

X 

10“2 

280 

9.68 
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10“2 

290 

1.60 

X 

io-1 

300 

2.55 

X 

10"1 

320 

5.82 

X 

10"1 

350 

1.56 

370 

2.78 

400 

5.48 

450 

13.4 

500 

26.9 

550 

44.2 

600 

64 . 8 

650 

86.5 

700 

750 

800 

900 

1000 

1100 

1200 

1300 

1400 

1500 

1600 
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1800 

1900 

2000 
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2500 
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150 
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150 

141 

129 

116 

103 

90.7 

79.2 

68.6 

59.6 

51.5 

44.7 

39.1 
35.0 

31.6 

28.2 

24.4 
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the  lamp  (run  at  the  calibrated  temperature)  are,  in 
turn,  directed  normally  to  the  entrance  slit  of  a  mono¬ 
chromator,  after  having  been  totally  reflected  from  an 
adjustable  mirror  (see  Fig.  3-la).  The  photomultiplier 
signals  from  both  sources  are  recorded  for  a  certain 
time  interval. 

In  the  present  experimental  set-up,  suppose 
a  ,  aT  are  the  monochromator  slit  and  the  ribbon  surface 
areas  respectively;  dp ,  dL  are  the  distances  from  the 
slit  to  the  forbidden  line  source  and  the  ribbon  surface 
respectively;  and  AX  is  the  waveband  obtained  from  the 
grating  dispersion  dX/dx  of  a  particular  slit  width 
w,  i.e.  AX  =  (dX/dx) w.  Then  the  radiant  energy/sec 
incident  on  the  photomultiplier  from  the  lamp  at  the 
calibrated  temperature  is 


R  ( X  ,T )  =  E  ( X  ,T )  . 


dX 

dx 


w 


where  (as/d^)  is  the  solid  angle  subtended  by  the  slit 
on  every  point  of  the  ribbon  surface  and  E(X,T)  is  the 
spectral  radiance  of  the  standard  lamp.  The  above  rate 
of  radiant  energy  expressed  in  photons/sec  is 


R<X'T)  =  E(X,T)  4 


hv 


dX 

dx 


w 


_X_ 

he 


N, 


Now,  let  CT  be  the  photomultiplier  signal  rate  (counts/ 
L 

sec)  corresponding  to  NL  and  CF/TF  be  that  from  the 
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particular  source  of  the  forbidden  line  after  having 
been  corrected  for  the  transmittance  T  of  the  glass 
tube  wall.  (It  should  be  noted  here  that  C  need  not 

Lj 

be  corrected  for  the  transmittance  of  the  lamp  window 
material  since  it  was  already  corrected  during  its 
calibration.)  Then,  since  the  photomultiplier  signal 
is  proportional  to  the  number  of  incident  photons,  the 
radiant  energy  of  the  forbidden  line,  expressed  in 
photons/sec  is 


N  =  ^ 

F  r  m 
iF 


=  E(X,T) 


dX 

dx 


w 


_X_ 

he 


IF 

T 


Also,  the  solid  angle  subtended  by  the  slit  area  on 

every  point  of  the  discharge  volume  seen  from  the  side 

2 

of  the  tube  is  (a  /d_)  whereas  the  total  solid  angle 

S  r 

subtended  on  the  whole  volume  of  the  discharge  seen  is 
4 7T .  Thus,  assuming  that  the  radiation  from  the 
discharge  seen  is  isotropic,  the  total  radiant  intensity 

of  the  forbidden  line  (v^)  from  the  whole  discharge 

* 

volume  seen,  expressed  in  photons/sec  is 


I .  .  =  .  4  77 

l  j  F 


( 

\  a0 


=  4  77  E  ( X  ,T)  .  a 


dX 

dx 


w 


he 


ft 

TF  \dL 


)'( 


— )  (4-43) 


Note  that  in  equation  (4-43)  ,  the  slit  area  a  cancelled 
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out  (as  long  as  the  same  area  was  used  during  the  com¬ 
parison  of  the  radiation  sources) . 

4 . 5  Obtaining  the  Absolute  Transition  Probability  A.;  j 
from  its  Implicit  Relationship  with  the  Measured 
Quantities  in  this  Project 


is  obtained  by  using  equation  (4-43) .  This  value  is 


equation  (4-40)  in  which  the  geometrical  factor  G  is  given 
by  the  volume  of  the  cylindrical-shaped  discharge,  i.e. 


G  =  Trr  2L 


where  r,  L' are  the  radius  and  the  length  of  the  cylindri¬ 
cal  discharge  respectively. 

Thus,  substituting  equation  (4-43)  into  (4-40)  (the  latter 
is  in  photons/sec) ,  we  have 


.  w 


Trr2L'  .  N .  A.  . 

i  13 


X 


.  w  . 


he  Tp 


(4-44) 


where  INK  is  given  by  equations  (4-24)  and  (4- 
follows : 

_1_  =  _e 2  1  M  fih 

me  J  2ttRT  kQ 

ih 


18)  as 


(4-45) 


where  the  other  quantities  are  as  mentioned  previously. 


CHAPTER  V 


EXPERIMENTAL  TECHNIQUES 

In  this  project  it  is  useful  to  consider  some 
of  the  experimental  techniques  which  yield  the  most 
favourable  conditions  for  the  acquisition  of  experimental 
results.  The  availability  of  modern  equipment  and  facil¬ 
ities  in  our  laboratory  has  led  to  several  improvements 
over  the  only  other  experiment  using  this  technique  (Me  69) , 
thus  resulting  in  more  reliable  A-values  for  forbidden 
lines.  Some  of  these  techniques  are  discussed  in  this 
chapter. 

5 . 1  Techniques  in  the  Production  of  Forbidden  Lines 
From  the  various  theories  described  in  the 
previous  chapter  on  the  excitation  and  depopulation  of 
the  metastable  states  in  the  np4  elements  we  could  infer 
that,  to  produce  the  forbidden  lines  (which  represent  the 
transition  between  those  metastable  states)  in  the  labo¬ 
ratory,  we  would  have  to  resort  to  special  techniques, 
some  of  which  are  described  as  follows: 

(a)  Method  of  Excitation 

An  ordinary  AC  circuit,  which  characteristically 
transmits  at  high  voltages  and  low  currents  (thus  with  a 
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small  power  loss  I2R)  ,  was  found  to  be  the  most  appro¬ 
priate  for  the  excitation  of  forbidden  lines  that  were 
practically  free  from  blending  by  molecular  bands  (Ke  69) . 
However ,  the  circuit  employed  had  to  be  properly  arranged. 
For  instance,  for  a  particular  discharge  it  was  necessary 
to  choose  the  ballast  resistance  carefully  so  that  a 
steady  source  of  forbidden  lines  was  maintained.  Other¬ 
wise,  either  the  "striking"  potential  would  not  be  attained 
or  a  fluctuating,  non-uniform  discharge  would  be  produced. 
The  circuit  diagram  is  illustrated  in  Fig.  5-1. 

In  general,  after  the  striking  potential  was 
reached,  the  current  or  voltage  range  maintained  in  the 
discharge  would  depend  on  the  nature  of  the  element  that 
was  being  investigated.  For  an  element  that  exists  natu¬ 
rally  in  a  gaseous  state,  such  as  oxygen,  an  AC  current  of 
about  90  mA  (with  five  1  kfl ,  50  watt  resistors  connected 
in  series)  was  found  to  be  appropriate,  and  for  an  element 
that  had  to  be  vaporized,  such  as  sulphur  or  selenium,  a 
current  of  about  8  mA  or  less  (obtained  by  arranging  two 
sets  of  resistors  in  series,  each  set  being  made  up  of 
three  250  kfl ,  50  watt  resistors  in  parallel)  would  be  most 
suitable.  In  any  case,  it  was  important  that  a  low  current 
be  used  for  the  vaporized  elements,  since  at  higher  currents 
the  vaporization  produced  from  the  correspondingly  higher 
temperature  would  be  of  such  an  extent  that  (1)  the  vapour 
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Fig.  5-1.  The  AC  circuit  diagram  used  for  exciting  forbidden  lines  of 
the  np  elements. 
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would  readily  reach  and  smear  the  LiF  window  of  the  dis¬ 
charge  tube,  (2)  molecular  excitation  would  prevail,  as 
there  would  then  be  a  high  molecular  concentration  of  the 
vaporized  element. 

Another  important  aspect  related  to  the  excita¬ 
tion  of  the  non-gaseous  elements  was  the  means  by  which 
these  elements  were  obtained  in  a  vaporized  form.  To 
achieve  this,  the  discharge  tube,  which  already  had  de¬ 
posited  on  its  interior  wall  the  distilled-in  element, 
was  heated  from  outside  by  means  of  a  Nichrome  resistance 
wire  that  was  coiled  around  the  discharge  tube  and  elec¬ 
trically  supplied  through  a  Variac.  The  latter  was  set 
to  a  certain  voltage  until  the  temperature  of  the  discharge 
tube  had  reached  a  steady  level.  After  this  stage  the 
discharge  between  the  electrodes  of  the  tube  was  started; 

JL 

and  if  an  "optimum"  discharge  was  still  not  obtained,  the 
voltage  supply  across  the  electrodes  would  be  switched  off 
and  that  across  the  heating  coil  increased,  until  a  steady 
temperature  was  reached  again.  This  process  was  repeated 
until  an  optimum  discharge  was  obtained.  A  graph  relating 
the  temperature  on  the  outside  of  the  discharge  tube  wall 
to  the  time  and  voltage  supplied  to  a  225  cm  length  of 
heating  coil  is  shown  in  Fig.  5-2. 

^The  "optimum"  discharge  is  as  defined  in  part  (b)  of  this 
section . 


110 


Temperature-time  curves  on  the  external  wall  of 
the  discharge  tube.  (The  nichrome  heating  wire 
through  which  the  different  voltages  were 
supplied  was  2.25  m  long.) 


Fig.  5-2. 


Ill 


(b)  Obtaining  the  Optimum  Discharge 

In  the  context  of  this  work  the  "optimum"  dis¬ 
charge  represents  a  discharge  (1)  from  which  a  relatively 
strong  source  of  forbidden  lines  could  be  observed  free 
from  blending  by  impurity  lines  ,  and  (2)  which  satisfied 
all  the  conditions  on  which  the  theories  described  in 
Chapter  IV  were  based.  Such  a  discharge  should  always 
possess  a  uniform,  diffused  appearance. 

The  inhibiting  effect  which  some  impurities  had 
on  the  production  of  forbidden  lines  was  one  of  the  most 
important  factors  that  were  considered  during  the  procedure 
aimed  at  obtaining  the  optimum  discharge.  Impurities, 
usually  due  to  traces  of  hydrocarbon  introduced  by  the 
vacuum  grease  applied  to  the  glass  stopcocks  and  by  the 
roughing  pump  oil ,  and  to  mercury  vapour  excited  by  the 
electrical  discharge,  would  interfere  with  the  normal 
dissociation  process  of  the  sample  molecules  or  collide 
with  the  sample  or  buffer  gas  atoms.  In  the  case  of 
collisions  with  the  buffer  gas  the  impurities  would  com¬ 
pete  with  the  sample  gas  and  vice  versa.  Thus  transferred 
energy  that  was  normally  used  for  the  excitation  of  the 
metastable  sample  atoms  would  instead  excite  the  impurity 
atoms  or  molecules;  the  lines  of  interest,  if  still 
formed,  would  then  be  much  reduced  in  intensity  or  would 
probably  be  blended  by  lines  or  bands  from  the  impurity 
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spectra.  Blending  would,  in  turn,  affect  the  resolution 
of  the  lines  of  interest,  and  yield  inaccuracy  in  their 
intensity  measurements. 

However,  the  impurities  could  be  systematically 
eliminated  as  follows : 

The  discharge  tube,  which  has  a  section  cooled  by 
liquid  air,  was  first  of  all  evacuated  to  the  lowest 
possible  pressure.  It  was  then  filled  up  with  about  25 
torr  of  pure  helium  and  run  at  a  high  current  density 
(-  90  mA)  for  about  one  hour.  The  helium  content  was  then 
flushed  out  of  the  tube  and  the  whole  system  was  then 
brought  to  a  RF  eddy-current  heater.  There,  the  tantalum 
electrodes  were  outgassed  by  heating  them  to  red-hot  tem¬ 
peratures  with  a  RF  induction  coil.  After  having  outgassed 
the  electrodes,  the  tube  was  again  filled  up  with  helium 
mixed  with  a  little  oxygen,  run  at  a  high  current  density 
for  another  hour  or  so  and  flushed  out.  The  process  - 
filling,  burning  and  flushing  with  helium  -  was  repeated 
until  the  helium  discharge  showed  the  salmon  color  charac¬ 
teristic  to  pure  helium,  which  was  indicative  of  a  clean 
discharge . 

It  should  be  noted  that  mere  burning  with  a 
helium-oxygen  mixture  of  high  current  density  was  insuf¬ 
ficient  to  produce  a  clean  discharge;  cleaning  the  elec¬ 
trodes  by  RF  induction  heating  must  be  undertaken  as  well. 
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Fig.  5-3  shows  spectral  scans  of  some  selenium  lines  in 
the  vacuum  ultraviolet  region  from  (a)  a  contaminated 
and  (b)  a  clean  discharge.  In  Fig.  5-3a  the  Se  lines 

o  o 

X19  9  4  A  and  X206  3  A  are  blended  by  CO  bands  whereas  in 
Fig.  5- 3b  these  lines  appear  sharp  and  free  from  blending. 

Among  the  other  conditions  that  an  optimum 
discharge  must  satisfy  were  (1)  equation  (4-25),  i.e. 

(t  +  L)20  ■<  D  and  (2)  the  homogeneity  of  the  discharge 
medium;  both  of  these  conditions  would  not  be  satisfied 
if  the  discharge  medium  were  "cored"  at  its  centre.  To 
obtain  these  conditions  it  was  necessary  to  make  delicate 
adjustments  in  the  proportions  and  pressures  of  the  gases 
used  and  in  the  current  density  or  the  ballast  resistor 
of  the  AC  circuit. 

5 . 2  Temperature  Measurement 

A  quantity  that  was  to  be  measured  for  substitu¬ 
tion  into  equation  (4-45)  was  the  (square  root  of  the) 
Doppler  temperature  (/T)  for  the  vacuum  ultraviolet  line 
that  was  feeding  the  upper  level  of  the  forbidden  line  of 
interest.  This  temperature  was  in  fact  that  due  to  the 
average  kinetic  motion  of  the  emitting  atoms  from  the  dis¬ 
charge  medium.  However,  if  there  was  a  discrepancy  of  as 
high  as  ±50  degrees  in  the  measurement  of  T  (which,  by 
interferometric  measurement  in  a  similar  experiment  (Me  69) , 
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Fig.  5-3.  Spectra  of  Sel  from  an  impure  and  a  clean 
discharge.  0  0 

(a)  Sel  1994  A  and  Sel  2063  A  blended  by  CO. 

(b)  Sel  1994  A  and  Sel  2063  A. 
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yielded  an  approximate  value  of  500°K  for  a  typical  line 
in  a  similar  discharge) ,  the  approximate  percentage 
error  involved  would  then  be 


In  the  present  work,  the  temperature  T  was  measured  by 
means  of  a  0-360°C  mercury  thermometer  that  was  lodged  in 
a  horizontal  outlet  from  the  side  of  the  discharge  tube. 
The  thermometer  bulb  could  be  gradually  slid  into  the 
discharge  region  by  means  of  a  magnet  which  acted  on  a 
small  metal  slug  fitted  to  the  top  of  the  thermometer. 

For  each  optimum  discharge  used,  several  temperature  mea¬ 
surements  were  taken,  each  being  from  a  particular  radial 
position  inside  the  discharge  and  the  average  value  of  T 
determined.  It  was  found  that  the  maximum  difference 
between  the  temperatures  taken  at  two  extreme  radial  posi¬ 
tions,  for  the  pressure  range  employed,  was  always  much 
less  than  the  upper  limit  of  ±50  degrees  set  in  the  above 
example,  so  that  the  mean  deviation  in  the  temperature 
measurement  was  always  <  5%. 


In  view  of  the  fact  that  there  was  only  a  small 


temperature  difference  at  the  different  radial  position 
in  the  discharge,  the  previous  assumption  of  an  homogeneous 
discharge  medium  was  taken  as  justified. 
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5 . 3  Photon-Counting  Technique 

Measurements  of  spectral  line  intensities  could 
be  performed  either  by  a  photographic  or  a  photoelectric 
method. 

In  the  photographic  method  the  systematic  errors 
involved  from  the  equipment  used  and  the  accidental  errors 
from  observations  could  amount  to  a  relatively  large  extent. 
These  systematic  errors  could  arise  from  such  causes  as  the 
zero  drift  or  sensitivity  change  in  the  measuring  system, 
plate  background  due  to  chemical  fog,  stray  light,  recip¬ 
rocity  effects  in  the  emulsion  and  faulty  standards  in  the 
calibration  patterns.  On  the  other  hand,  accidental  errors 
could  arise  from  fluctuations  in  the  light  source,  non¬ 
uniformity  of  emulsion  thickness  or  sensitivity,  tempera¬ 
ture,  solution  concentration,  processing  techniques  and 
uncertainity  in  the  measuring  scale.  However,  the  photo¬ 
graphic  technique  was  undertaken  in  this  project  for  (1) 
the  preliminary  identifications  of  the  spectral  lines  of 
interest  and  (2)  determining  the  reciprocal  linear  disper¬ 
sion  dX/dx  of  the  grating  in  the  Spex  at  the  different 

wavelengths  of  interest. 

In  the  photoelectric  method,  either  an  analog 
or  a  digital  system  could  be  used.  In  the  analog  system 
the  output  data  were  read  out  from  a  pen-chart  recorder 
whereas  in  the  digital  system  the  output  was  read  out  from 
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a  photon  counter-timer. 

The  photon-counting  technique  has  been  employed 
advantageously  in  this  work.  For  instance,  the  response 
in  such  a  system  was  almost  instantaneous,  i.e.  the  actual 
quantities  from  the  measured  source  were  being  read  out  - 
a  fact  that  was  very  important  especially  when  the  measured 
source  was  not  steady  (e.g.  the  oxygen  gradually  burns  out 
of  the  discharge  over  a  period  of  several  hours) .  This 
technique  could  also,  among  other  things,  yield  a  higher 
wavelength  resolution  -  a  fact  borne  out  by  comparing  the 
photoelectric  profiles  obtained  through  the  pen-chart  and 
the  photon-counter  recordings  (see  Fig.  5-4) . 

(a)  Preliminary  Procedures 

In  the  photon-counting  technique,  the  preliminary 
procedures  were  undertaken  systematically  as  follows: 

First,  the  components  of  the  spectrophotometric  sys-^ 
tem  -  light  sources,  auxilliary  optics  and  spectrometers  - 
were  aligned  by  means  of  a  He-Ne  laser  so  as  to  ascertain 
normal  incidence  of  light  on  the  spectrometer.  Then  after 
the  photomultiplier  voltage  had  stabilized,  the  lower 
window  limit  in  the  Ortec  discriminator  was  adjusted  until 
the  dark  current  noise  level  recorded  was  around  5  to  10 
counts/sec.  The  signal  from  the  forbidden  line  of  interest 
and  through  a  particular  spectrometer  slit  was  next  recorded. 
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Fig .  5-4 .  Photoelectric  profiles 
of  Nel  4”885A  and  Sel  4887  A: 

(a)  From  chart-recording. 

(b)  From  photon-counting. 
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and  the  signal-to-noise  ratio  was  determined.  If  that 
ratio  was  less  than  that  recommended  for  the  photomulti¬ 
plier  (usually  around  10:1) ,  the  dark  current  would  have 
to  be  reduced  by  cooling  the  photomultiplier  in  the 
refrigerated  RFI  chamber.  In  general,  the  data  were 
each  recorded  repeatedly  about  ten  times  and  were  then 
averaged  out.  The  statistical  fluctuations  in  such  data 
were  usually  within  0  to  5%  -  any  abrupt  fluctuation 
would  indicate  a  major  change  in  the  discharge  conditions 
and  the  corresponding  data  were  discarded. 

(b)  Relative  Intensity  Measurements 

The  photon-counting  technique  was  also  employed 
in  the  measurement  of  relative  line  intensities.  In  such 
measurements  the  line  profiles  were  first  obtained  by 
plotting  the  intensity  values  recorded  through  the  same 
slit  width  at  different  positions  from  (X  -  dX/2)  to 
(X  4-  dX/2)  where  (dX/2)  is  the  separation  between  the  peak 
wavelength  X  and  either  of  the  line  wing-ends  (the  posi¬ 
tions  of  the  line  peak  and  wings  were  approximately  located 
beforehand  by  the  pen-chart  recording) .  The  different 
wavelength  positions  in  the  profile  were  made  possible  by 
driving  the  wavelength  manually  through  steps  of  0.1  to 
0.3  A  on  the  Spex  1500  (for  the  McPherson  -  a  stepping 
motor,  that  could  automatically  drive  the  wavelength  at 
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uniform  intervals,  was  available).  The  line  peaks  could 
then  be  read  from  the  profiles  and  the  ratio  of  the  peak 
counts  determined.  As  long  as  the  same  spectrophotomet- 
ric  components  and  slit  width  were  used,  the  relative 
intensity  ratio  need  not  be  corrected  for  reflectance, 
transmission  on  absorption  characteristics.  However, 
it  must  be  corrected  for  (1)  the  second-order  radiation, 
if  present  -  eliminated  by  means  of  appropriate  filters 
placed  inside  the  spectrometer,  and  (2)  the  detector 
sensitivity  response  at  the  different  wavelength  regions 
involved  -  done  by  comparing  the  response  from  the  stan¬ 
dard  lamp  at  those  wavelengths.  Fig.  5-5  illustrates 
the  photon-counting  profiles  of  the  green  auroral  line 

o  o 

01  5577  A  and  the  transauroral  line  01  2972  A,  whose  rel¬ 
ative  intensity  ratio  is  the  same  as  that  of  their  tran¬ 
sition  probability  corrected  for  the  wavelength  difference. 

(c)  Simultaneous  Photon-Counting 

We  have  previously  discussed  in  section  4.3  the 
importance  of  obtaining  simultaneous  measurements  of  the 
intensity  I  of  a  line  and  the  population  density  N  of  its 
upper  level,  in  the  determination  of  the  transition  prob¬ 
ability  A.  The  photon-counting  technique  with  its  char¬ 
acteristic  fast  response  in  detecting  and  recording  radia¬ 
tion  was  therefore  utilized  to  advantage  for  this  purpose. 
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The  electronics  and  optical  set  up  for  simul¬ 
taneous  photon-counting  were  illustrated  in  Figs.  3-4 
and  3-la  respectively .  Measuring  N  was  shown  in  the 
theoretical  discussion  to  be  "equivalent"  to  measuring 
the  intensity  ratio  I^/I^  of  a  vacuum  ultraviolet  line 
cascading  into  that  level,  where  L  and  %  were  the  dif¬ 
ferent  lengths  of  the  discharge  column  viewed  end-on. 
Actually,  during  the  experiment,  I  (the  intensity  from 
a  discharge  length  L  viewed  end-on)  and  I  (the  intensity 
from  an  area  A  viewed  side-on)  were  first  measured  simul¬ 
taneously  for  a  certain  optimum  discharge  at  a  particular 
current  and  voltage;  then,  under  the  same  current,  I  ^  (the 
intensity  from  a  discharge  length  i  viewed  end-on)  and  I 
(the  intensity  from  the  same  area  viewed  side-on)  were 
measured  simultaneously.  However,  when  the  pressure  in 
the  discharge  tube  was  relatively  too  low,  the  voltage 
across  the  discharge  length  Z  might  not  be  the  same  as 
that  across  L,  although  the  current  through  either  of 
those  lengths  were  equal.  Thus,  the  second  value  of  I 
might  be  different  from  the  first  one.  If  that  were  the 
case  the  value  of  I  must  then  be  normalised  to  what  it 

A/ 

would  have  been  had  the  second  value  of  I  been  unaltered, 
i.e.  I0  must  then  be  multiplied  by  the  ratio:  first 
value  of  I  divided  by  second  value  of  I.  This  normalisa¬ 
tion  was  necessary  (in  some  cases)  because  the  intensity  I 
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and  the  metastable  population  N  measured  from  a  constant 
discharge  volume,  viewed  side-on  and  assumed  to  be  under 
the  same  conditions  of  excitation,  should  be  equal.  In 
this  way,  the  true  extent  of  self-absorption  through  the 
lengths  L  and  %  of  the  discharge,  when  measured  from  end- 
on  (IL  and  I  ) ,  were  being  compared,  as  they  would  have 
been  under  simultaneous  observation.  However,  as  may  be 
noted  here,  this  normalisation  made  possible  by  the  simul¬ 
taneous  photon-counting  procedure  was  only  valid  if  the 
line  with  side-on  intensity  I  and  the  other  line  with 
end-on  intensity  I  or  I  had  the  common  level  whose 
density  N  was  being  measured. 

(d)  Wavelength  Resolution 

A  frequent  spectrophotometric  problem  involved 
in  this  work  was  that  of  resolving  the  line  of  interest 
adequately  enough  for  an  accurate  measurement  of  its  in¬ 
tensity.  To  improve  the  resolution  the  slits  were 
narrowed;  but  when  the  slit  widths  were  reduced,  the 
incident  radiation  on  the  detector  was  also  reduced  in 
proportion  to  the  square  of  the  slit  opening,  resulting 
in  a  lower  signal— to-noise  ratio.  To  compensate  for  this 
loss  in  signal  power  the  gain  in  the  system  was  increased 
which,  in  turn,  raised  the  noise  level  proportionately. 

A  longer  counting  time  (or  photomultiplier-cooling) 


was 
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then  required  to  maintain  photometric  accuracy. 

However,  even  under  optimum  resolution,  the 
line  of  interest  could  be  found  to  overlap  the  wing  of 
a  neighbouring  line  or  band,  as  illustrated  by  the 
sulphur  line  X1782  A  and  the  CO  band  A1776  A  in  Fig.  5-6. 

When  the  wavelength  drive  was  at  the  position 
P  in  this  figure,  the  intensity  measured  through  the 
spectrometer  slit  would  be  that  due  to  the  sum  of  the 
peak  intensity  of  SI  1782  A  and  part  of  the  CO  1776  A 
band  that  was  overlapped  in  that  waveband.  To  deduce  the 
contribution  from  the  CO  band,  a  computer  technique  using 
the  Lagrangian  interpolation  method,  was  applied.  In 
this  method,  several  points  at  uniformly  spaced  intervals 
on  the  slope  AB  of  the  CO  band  were  first  obtained  by 
photon-counting  while  the  wavelength  of  the  spectrometer 
was  being  driven  by  a  stepping  motor  or  manually.  A  best- 
fit  polynomial  function  was  then  computed  and  the  point  0 
on  the  slope  AB,  i.e.  the  intensity-value  contributed  by 
the  CO  band  at  that  position,  was  interpolated.  The  true 
peak  intensity  of  SI  1782  A  was  thus  obtained  by  subtrac¬ 


tion  . 
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Fig.  5-6.  The  pen-chart  profiles  of  SI  1782  A  and  CO  1776 

from  an  optimum  krypton-sulphur  discharge  mixture. 
The  intensity  contribution  from  the  CO  band  at  the 
point  0  was  computed  by  using  the  Lagrange 
Interpolation  Method. 
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5 . 4  Geometrical  Limitations 

Unlike  the  case  for  allowed  lines,  forbidden 
A-coef f icients  cannot  be  measured  by  the  beam-foil  tech¬ 
nique  since  the  mean  lifetime  of  a  metastable  level  is 
about  10 8  times  that  of  a  level  in  the  allowed  case; 
atoms  would  have  to  travel  in  a  tube  10 8  cm  (i.e.  1000  km) 
before  showing  a  decreasing  intensity  of  light!  On  the 
other  hand,  time-resolution  and  other  problems  associated 
with  the  beam- foil  technique  need  not  be  taken  into  ac¬ 
count  here.  Nevertherless ,  the  paths  followed  by  the 
forbidden  radiation  in  this  experiment  were  under  certain 
geometrical  limitations  which  are  described  as  follows: 
since  the  solid  angle  subtended  by  the  Spex  slit  area  on 
every  point  of  the  observed  source  was  included  in  the 
absolute  intensity  calculation,  then,  during  the  intensity 
measurements ,  not  only  should  the  slit  be  completely 
illuminated  over  its  surface  area,  but  all  the  light  pass¬ 
ing  through  it  must  also  be  recorded.  To  verify  this, 
let  us  consider  the  illumination  condition  illustrated  in 
Fig.  5-7,  which  shows  the  Spex  collimator  mirror  (a)  in 
section  and  (b)  in  elevation.  Of  the  light  which  entered 
the  spectrometer  through  the  slit,  only  that  part  inter¬ 
cepted  by  the  collimating  mirror  would  reflect  into  the 
plane  grating  and  the  camera  mirror  (not  shown  in  Fig.  5-7). 
Any  light  beams  which  were  outside  the  cone  whose  base  was 


127 


b 

u 


b 


u 


in 


O  (N  Q 


1 — 1 

fd 

-P 

G 

0 

N 

-H 

fd  P 

0 

X  ^ 

G 

• 

o 

>i 

P  Q 

,G  Q 

0 

-P 

> 

•H 

CD 

-p 

tr-  Cl, 

o 

5-1  Cl, 

CD 

fd 

a 

jg 

0 

o  p 

a) 

0  o 
•H  •  P 

p 

tj  c  p 

0  *H 

c 

i— 1  -H  S 

0 

fd  -p 

0  fd  CD 

1 

0 

■H  >  a  U 

5-i  CD  fd 

■H 

13  i — 1  rH 

0 

a  (D  a, 

■H 

13 

H  ^  •• 

0 

>:£»  " 

£ 

o  —  a, 

0 

C4 

■rH 

fd  13 

> 

g  •- 

>i  fd  4-> 

0 

XI  *H 

CD 

G  <H 

p 

p  o  0 

0 

0  -H 

JG 

4->  4->  •• 

o 

(daw 

e  <d 

•H 

•h  0  •- 

13 

i— 1  0 

i — 1  " — *  5h 

44 

0  fd  3 
U  —  -P 

0 

5-1 

G 

CD  G  0 

0 

,G  -H  £li-H 

-P  fd 

-P 

-P 

0 

44  -H  P 

0 

0  i— 1  0 

0 

0  -P 

G  fd 

i — 1 

0  P  g 

0 

•H  fd  -H 

o 

-P  i — 1  i — 1 

•H 

fd  G  r-4 

-P 

G  CP  0 

P 

•H  C  O 

0 

B  «d 

G  -P  •* 

> 

rH  u  - 

13 

rH  a)  <C 

G 

H  P  <! 

(d 

• 

r- 

i 

1 

m 

• 

tr> 

-H 

Cn 

128 


the  collimator  mirror  aperture  AA'  would  not  be  recorded. 

In  case  (a) ,  the  slit  (-  100  y)  was  narrow  in 
comparison  with  the  collimator  aperture  6.25  cm)  or 
the  discharge  width  (-  7  cm) ;  the  slit  width  was  therefore 
neglected.  The  projected  aperture  on  the  collimator  from 
the  discharge  source  could  then  be  shown  to  be  about 
4.2  cm.  i.e.  smaller  than  the  collimator  aperture  AA* . 
Thus,  no  loss  of  light  would  occur  in  case  (a). 

In  the  vertical  case  (b)  it  should  be  again 
ascertained  that  the  projected  aperture  on  the  collimator 
was  less  than  AA*.  By  applying  the  theorem  on  the  geo¬ 
metrically  similar  triangles  involved,  the  following 
results  were  obtained: 


Slit  Height 

SS '  in  cm 

Projected  Aperture 
on  the  Plane  Mirror 

PP ' in  cm 

Projected  Aperture 
on  the  collimating 
mirror  CC '  in  cm 

m 

• 

CN 

2.50 

5.0 

U> 

• 

o 

2.86 

6.0 

4.0 

3.58 

8.0 

4.5 

3.94 

9.0 

o 

• 

in 

4.30 

10.0 

Table  V-l .  Geometrical  limitations  for  the  "Spex"  system. 


A  slit  height  of  2.5  cm  and  an  auxilliary  plane  mirror  which 
was  larger  than  2.5  cm  were  used  so  as  to  ensure  that  all 
the  light  from  the  observed  source  were  indeed  collected. 

The  geometrical  limitations  described  above  were 
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also  applied  to  the  illumination  conditions  through  the 
McPherson  slit.  However,  here  it  was  not  only  necessary 
to  ascertain  that  all  the  light  coming  end-on  from  the 
discharge  and  through  the  slit  was  recorded,  but  that 
the  condition  satisfying  equation  (4-25)  was  also  taken 
into  account.  With  the  collimator  (i.e.  the  concave 
grating)  masked  to  5.5  cm  in  width,  a  slit  height  of 
2  mm  and  a  slit  width  of  50  microns  were  then  found 
appropriate  in  satisfying  these  requirements. 


CHAPTER  VI 


RESULTS  AND  DISCUSSION 

6 . 1  General  Remarks: 

To  date  the  status  of  our  knowledge  of  allowed 
or  forbidden  transition  probabilities  is  considered  as 
being  far  from  ideal.  The  only  transition  probabilities 
known  with  a  high  degree  of  accuracy  are  those  available 
for  allowed  lines  of  hydrogen  and  hydrogen-like  ions  and 
for  some  helium  lines.  Even  for  the  allowed  A-coef ficient 
the  measurement  techniques  are  quite  complicated  and 
laborious,  and  it  has  proved  to  be  very  difficult  to  ob¬ 
tain  accuracies  of  10  percent  or  better. 

Most  of  the  allowed  A-  and  f-values  have  been 
obtained  from  measurements  of  the  intensities  of  spectral 
lines  which  are  emitted  from  a  source  under  known  condi¬ 
tions.  The  sources  are  usually  high-current  stabilized 
arcs  and,  to  a  lesser  extent,  shock-tubes.  Many  uncer¬ 
tainties  are  involved  in  these  methods ,  the  main  ones 
being  from  the  condition  of  local  thermal  equilibrium  (LTE ) 
in  the  light  source,  which  should  be  satisfied  in  the 
determination  of  the  state  population,  and  from  the  demix¬ 
ing  effect  of  the  arc.  There  exists  also  in  these  methods 
the  usual  discrepancies  caused  by  the  calibration  of  stan- 
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dard  light  sources,  the  intensity  contributions  in  the 
line  wings  and  self-absorption.  Errors  of  20  to  50 
percent  are  not  unexpected  from  these  experiments. 

The  A-value  of  some  allowed  lines  may  also  be 
derived  by  a  direct  measurement  of  the  lifetime  of  its 
upper  state.  Lifetime  measurements  involve  the  delayed 
coincidence  and  phase  shift  techniques,  the  Hanle  effect 
and  the  beam- foil  technique.  The  sources  of  error  are 
fewer  in  these  methods ,  the  main  ones  being  attributed 
to  radiative  cascading,  and  insufficient  spectral  resolu¬ 
tion  for  the  detection  of  the  radiation.  Radiation  trap¬ 
ping  and  collisional  depopulation  of  a  level  may  also 
introduce  some  discrepancies.  Errors  involved  in  these 
experiments  can  be  much  lower  than  those  of  the  line 
emission  experiments. 

As  for  forbidden  lines,  which  are  generally  not 
easy  to  produce  in  the  laboratory,  previous  experimental 
work  on  them  dealt  mainly  with  techniques  for  their  pro¬ 
duction  and  their  wavelength  measurements.  Thus,  the 
energy  levels  of  ground  states  1 SQ ,  1D2  and  pq'i'2  ^or 
the  first  three  np 4  elements  (Oxygen  I,  Sulphur  I  and 
Selenium  I)  and  consequently  the  wavelengths  of  the  cor¬ 
responding  forbidden  lines  are  well  established;  the  most 
recent  data  obtained  by  Eriksson  for  01  (Er  65) ,  SI 
(Er  72)  and  Sel  (Er  73)  could  be  singled  out,  although 
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several  previous  data  were  also  obtained  -  (Me  27,  Ve  34 
and  Ca  56)  for  01,  (To  60  and  Me  68)  for  SI  and  (Ru  34) 
for  Sel .  However,  to  date  one  of  the  most  important 
characteristics  of  these  forbidden  lines  -  their  absolute 
transition  probability  -  has  received  little  experimental 
attention,  although  in  some  cases  relative  A- values  have 
been  measured  (Me  66,  68).  In  fact,  until  recently,  the 

o 

absolute  A-value  of  the  green  auroral  line  [01]  5577  A 
has  been  the  sole  one  measured  (Me  69).  Corney  and 
Williams  (Co  72)  measured  the  lifetime  of  the  oxygen 
metastable  (ground)  state  2p4  which,  in  turn,  yields 

the  sum  of  the  A-values  of  [01]  5577  A  and  [01]  2972  A. 
Omholt  also  measured  the  lifetime  of  the  metastable  states 
2p4  1 S 0  and  2p4  :D2  of  oxygen  from  his  experiments  on  the 
green  and  red  auroral  lines  respectively.  Yet,  as  men¬ 
tioned  at  the  introduction  of  this  thesis ,  a  knowledge  of 
the  absolute  A-coef f icients  and  the  production  mechanisms 
of  forbidden  lines  are  of  much  practical  importance  for 
certain  studies  in  astrophysics,  upper  atmospheric  and 
other  aspects  of  atomic  and  molecular  physics. 

On  the  other  hand,  sophisticated  theoretical 
calculations  of  forbidden  A-coef f icients ,  based  on  atomic 
structure,  have  been  quite  successful  (for  the  lighter 
elements) ,  but  the  theoretical  methods  have  the  shortcom¬ 
ing  that  they  do  not  permit  the  estimates  of  the  size  of 
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the  errors  as  do  the  experiments. 

The  aforementioned  facts  represent  on  the  whole 
a  great  challenge  for  the  experimentalists,  which,  it  is 
hoped,  has  been  at  least  partially  answered.  In  this 
chapter,  the  data  and  analyses  for  each  of  the  three  np4 
elements  studied  and  the  final  results  derived  are  report¬ 
ed.  (The  block  diagram  for  the  overall  experimental  set¬ 
up  is  as  shown  in  Fig.  3-la.) 


OXYGEN  RESULTS 


6 . 2  The  Spectra 

The  forbidden  and  allowed  lines  of  atomic  oxygen, 
that  were  investigated  in  this  project,  are  illustrated  in 
the  simplified  term  scheme  shown  in  Fig.  6-1.  The  proce¬ 
dures  discussed  in  the  previous  chapter  were  applied  to 

o 

these  lines  accordingly;  thus  the  A-value  of  01  5577  A  was 
determined  by  measuring  its  absolute  intensity  and  simul¬ 
taneously  carrying  out  the  optical  absorption  experiment 
on  an  ultraviolet  line  which  was  feeding  its  upper  level, 

o 

in  this  case  at  A1218  A,  to  determine  the  2p4  1SQ  popula¬ 
tion.  Analogously,  the  A-value  of  the  forbidden  01  line  at 

a 

6300  A  was  obtained  by  applying  the  absorption  method  on 

o 

the  01  ultraviolet  line  at  1152  A.  Here  the  01  lines  at 

o 

AA936  and  999  A,  which  are  strong  and  end  on  the  2p  D2 
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Fig.  6-1.  Partial  term  scheme  of  01  (not  to  scale). 
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level  have  not  been  employed  because  the  LiF  window  on 

o 

the  discharge  tube  cuts  off  at  1050  A.  The  absorption 
experiment  was  also  carried  out  on  the  01  resonance  lines 

o 

at  AA1302,  1305  and  1306  A  to  determine  the  atomic  densi¬ 
ties  of  the  2p4  3P0/1/2  states  respectively.  As  for  the 
forbidden  01  lines  at  AA2972  and  6364  A ,  their  A-values 
were  obtained  by  simply  measuring  their  intensities  rel- 

o 

ative  to  those  at  AA5577  and  01  6300  A  respectively,  since 
these  pairs  of  lines  have  common  upper  (parent)  levels 
2p4  1 S 0  and  2p4  2D2  respectively. 

6 . 3  Results  and  Analysis  on  the  Forbidden  01  Lines  at 

AA5577  A  and  2972  A 

O 

( a)  Laboratory  Production  of  [01]  5577  A 

This  forbidden  line  was  first  of  all  obtained 
steadily  to  an  extent  that  was  photoelectrically  measur¬ 
able  when  viewed  side-on  from  a  particular  discharge  vol¬ 
ume  and  situated  at  about  80  cm  away  from  the  spectrometer 
slit.  To  achieve  it,  all  the  procedural  steps  which  were 
described  in  section  5.1  on  the  "Techniques  in  the  Produc¬ 
tion  of  Forbidden  Lines"  were  followed  rigorously.  The 
green  forbidden  line  of  oxygen  was,  in  fact,  readily  pro¬ 
duced  over  a  fairly  large  range  of  pressures  and/or  currents. 

Using  a  discharge  tube  whose  dimensions  were  as 
specified  in  Fig.  3-2,  a  current  of  90  mA  and  a  correspond- 


' 
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ing  voltage  of  about  6000  volts  were  used  throughout 
all  the  experiments  in  the  excitation  of  the  green  forbid¬ 
den  line.  The  pressure  ranges  used  in  the  mixture  were 
0.020  torr  to  0.100  torr  for  oxygen  and  15  to  25  torr  for 
helium. 

An  upper  limit  of  0.100  torr  on  the  partial 
pressure  of  oxygen  and  a  lower  limit  of  15  torr  on  that 
of  helium  were  chosen  because  outside  these  limits  the 
discharge  became  cored,  whereby  the  intensities  of  the 
forbidden  line  viewed  side-on  and  the  ultraviolet  line 
viewed  end-on  would  be  affected  -  a  result  which  is  in 
agreement  to  previous  experiments  (Ke  68)  made  on  the 
intensity  measurements  of  the  ultraviolet  01  lines  at 

o 

AA1152,  1218  and  1302,4,6  A;  in  a  similar  type  of  dis¬ 
charge  these  lines  were  found  to  peak  in  intensity  when 
the  partial  pressure  of  oxygen  used  was  0.100  torr. 

Fig.  6-2a  shows  the  spectral  scan  of  the  region  around 
the  green  auroral  line  from  a  clean,  "cored"  discharge 
with  3  torr  of  oxygen  and  25  torr  of  helium  at  90  mA. 

On  the  other  hand,  a  lower  limit  of  0.020  torr 
on  the  partial  pressure  of  oxygen  and  an  upper  limit  of 
25  torr  on  that  of  helium  were  chosen  because  beyond 
these  limits  molecular  bands  of  oxygen  and  carbon  monoxide 
were  formed,  which  partially  masked  the  green  auroral  line, 
as  shown  in  Fig.  6-2b.  Thus,  when  the  ratio  of  the  partial 
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Fig.  6-2a.  The  green  auroral  line  in  a  clean  "cored" 

discharge  containing  3  torr  of  oxygen  and 
25  torr  of  helium  at  90  mA. 


Fig.  6-2b .  The  green  line  blended  by  molecular  bands  in  a 

discharge  containing  0.01  torr  of  oxygen  and 
20  torr  of  helium  at  90  mA. 
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pressure  of  helium  to  that  of  oxygen  is  >  250:1,  the 

oxygen  and  impurity  molecules  would  compete  with  the 

metastable  :S  oxygen  atoms  for  excitation  by  energetic 

electrons.  However,  this  degree  of  excitation  was  found 

to  be  less  for  the  molecules  than  for  the  metastable  1S 

atoms  because,  when  the  current  through  the  discharge 

was  decreased  from  90  to  60  mA,  the  intensity  of  the 

green  auroral  line  was  found  to  diminish  by  a  larger 

+  ° 

factor  (>  2)  than  that  1.5)  of  the  02  band  X5577  A. 

(b )  Atomic  Processes  Involved  in  the  Production  of  the 
Metastable  p^S)  Atoms 

Due  to  the  fact  that  the  chemical  composition 
of  the  upper  atmosphere  can  alter  significantly  or  even 
radically  by  a  number  of  processes  such  as  photochemical 
reactions,  recombination  processes,  mixing,  diffusion 
and  intrusion  of  extraterrestrial  particles,  research 
efforts  in  these  areas  have  increased  and  considerable 
advances  have  since  been  made  in  our  knowledge  of  the 
various  properties  of  the  upper  atmosphere.  Laboratory 
experiments  on  the  chemical  processes  such  as  the  dis¬ 
sociation  and  ionization  of  02 ,  N2  and  NO  and  the  corre¬ 
sponding  theoretical  calculations,  pioneered  by  Chapman 
(Ch  30) ,  have  been  invaluable  in  the  pursuit  of  such 
knowledge . 
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( i)  Previous  Work 

So  far,  no  standard  methodology  exists  in  the 
investigation  of  the  chemical  processes  that  are  assumed 
to  be  taking  place  in  the  production  of  the  metastable 
0(1S)  atoms  and  the  corresponding  forbidden  lines  [01] 

o  o 

5577  A  and  [01]  2972  A.  However,  the  analysis  used  by 
Watadani  (Wa  72)  and  Emeleus  (Em  39)  on  the  laboratory 

O 

emission  of  01  5577  A  are  worthy  of  mention.  Watadani 
claimed  that  the  following  processes  took  place  in  the 
production  of  the  green  line: 

At  first,  ground  state  xenon  atoms,  Xe(2S0),  were 
excited  by  collisions  with  electrons : 

Xe  ( 1S)  +  e(v')  -*■  Xe"  +  e(v")  (6-1) 

The  excited  state  Xe"  would,  in  turn,  excite  ground  state 

o2(x  3z-): 

Xe"  +  0  (X  3T)  +  Xe'  +  0  '  (a  *A  )  (6-2) 

2  g  2  y 

where  Xe"  >  Xe '  >  Xe*(3P2)  =  Xe  metastable  state  (=8.31  eV) . 
Then  the  excited  molecular  state  02' (a  XA^) ,  shown  in 
Fig.  6-3,  would  take  up  the  energy  transferred  from 
metastable  Xe  atoms  (already  present)  for  its  dissocia¬ 
tion  : 

Xe*  ( 3P  2 )  +  02  (a  ‘Ag)  -  Xe  ( *S)  +  0(3P)  +  O^S)  (6-3) 

8.31  eV  +  0.9  7  eV  0 . 0  eV  +  0 . 0  eV  +  4 . 19  & 


+  D.E.  (=5.12  eV) 
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Finally , 


0(2S) 


0 ( 1 D)  +  hv  (A5577  A) 
0(3P)  +  hv  (A2972  A) 


( 6-4a) 
( 6-4b ) 


With  the  dissociation  energy  (D.E.)  of  0£  being  5.12  eV, 
equation  (6-3)  is  thus  satisfied  energetically ,  i.e. 
quantal  resonance  exists  here.  However,  Watadani  did  not 
point  out  two  violations  in  this  equation,  which  are  the 
following:  (1)  0(XA  ),  being  a  singlet,  cannot  be  formed 

g 

by  the  combination  of  a  singlet  and  a  triplet  (XS  +  3P) , 
the  Wigner-Witmer  spin-conservation  rule  (section  4.1) 
disallows  this.  (2)  S  and  P  states  can  combine  to  yield 
at  most  a  Z  or  a  II  molecular  state  but  not  a  A  state. 

As  for  the  mechanism  put  forward  by  Emeleus , 
it  is  as  follows ,  in  the  case  where  argon  was  used  as  the 
buffer  gas : 

Metastable  argon  atoms,  first  of  all,  transferred 

3  r~ 


energy  to  the  ground  state  0^(X  Z  )  : 

Ar*(3Pj  +  0-(X  3Z")  Ar  ( 1 S )  +  0  '(?) 


=11.55  eV 


g 

0  eV 


(6-5) 


0  eV 


excited 

unknown 


The  unknown  excited  molecular  state  0 2'  (?)  would  then 
dissociate  spontaneously  as  follows : 

0(1S)  +  0(3P)  +  2.2  eV  (6-6a) 

0(1S)  +  0  ( 1 D)  +  0.3  eV  (6-6b) 


o2 '  (?) 


And  through  spontaneous  radiation, 


■..*««  tfoxriv  .noiir.ype  airiJ  m  ano  «Xcdv  ova  *  o  .<nioq  | 
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O^D)  +  hv  ( A5577  A)  (6-7a) 

0(3P)  +  hv  (X2972  A)  ( 6- 7b ) 

Then  Emeleus  claimed  that  the  choice  of  the  excited  state 
0^(7)  must  be  such  that,  energetically, 

9.30  eV  <  02'(?)  <  Ar* ( 3P  2 )  (6-8) 

However,  it  can  be  noted  here  that  for  quantal  resonance 
in  equation  (6-5)  and  as  implied  in  equations  (6-6a  &  b) , 
the  energy  of  02' (?)  must  be  11.55  eV,  which  contradicts 
equation  (6-8).  So  again  here,  as  in  Watadani's  proce¬ 
dure  ,  there  are  some  doubts  cast  on  whether  the  correct 
production  mechanisms  of  the  green  forbidden  line  have 
been  put  forward. 

(ii)  Present  Proposition  for  the  Production  Mechanism 

of  O^S)  Atoms  and  the  Corresponding  Forbidden  Lines 

For  the  present  case,  in  which  helium  was  used 
as  the  buffer  gas,  the  proposed  mechanism  is  as  follows: 

First  of  all  ground  state  helium  atoms,  He(1S), 
were  excited  by  some  energetic  electrons : 

He(1S)  +  e(v')  +  He"  +  e(v")  (6-9) 

The  excited  He"  would  then  excite  the  ground  state  oxygen 
molecule : 


He"  +  02(X  3X~)  He'  +  02'(x?) 

y 


(6-10) 
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where  He"  >  He '  >  He*(3S1)  =  metastable  state  (=  19.81  eV) 
Then,  through  spontaneous  radiation. 

He'  -*  He*(3S1)  +  hv  (He  lines)  (6-11) 

and,  through  photodissociation, 

_0(1S)  +  0(3P)  +  K.E.  (6-12a) 
02'  (x?)  +  hv^~ 

^0(2S)  +  0(3D)  +  K.E.  ( 6-12b ) 
Thus,  from  equations  (6-12a)  and  (6-12b) ,  it  can  be  deduced 
that  the  potential  curve (s)  of  the  unknown  molecular 
state (s)  02'(x)  would  have  an  asymptotic  level  (dissocia¬ 
tion  limit)  at  9.30  eV  for  (3S  +  3P)  or  11.27  eV  for 
(*S  +  1 D)  . 

To  find  the  unknown  state (s)  x  whose  dissocia¬ 
tion  products  are  (*S  +  *D)  ,  the  Wigner-Wi tmer  and  the 
ordinary  Selection  rules  were  first  considered.  After  such 
considerations  it  was  found  that  only  the  transitions  to 
the  *A  and  1 II  would  be  allowed  from  the  a  *A  ground 
state.  In  fact,  in  1968,  Alberti  et  al .  (A1  68)  identified 

the  (In  -  a  1A  )  and  the  (*A  -  a  XA  )  transitions,  with 

u  u  u  u 

strong  band  heads  at  1229  A  (-  11.06  eV)  and  1243.8  A 
(-  10.89  eV)  respectively,  both  lying  energetically  very 
near  and  above  the  dissociation  limit  (11.27  eV)  for 
(:S  +  1D) .  The  energy  difference  is  only  0.77  eV  for  the 

o  o 

continuum  maximum  at  X1229  A  and  0.60  eV  for  that  at  1244  A. 
Both  upper  states  (1^u  an<3  were  also  found  to  be 


. 
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perturbed,  i.e.  unstable.  From  the  aforementioned  facts 

•4-* 

and  applying  Franck-Condon  principle  (Ga  68),  it  can  be 
seen  that  the  potential  curves  of  these  two  states  would 

each  have  a  shallow  minimum  which  is  asymptotic  at  11.27  eV 

(XS  +  XD)  .  These  states  (*A  and  1 II  )  are  illustrated  at 

u  u 

the  top  of  Fig.  6-3.  Equation  (6-12b)  can  then  be  filled  up 
as  follows : 

Through  photodissociation  of  the  unstable  states 

*A  and  1J[  , 
u  u 

02'(1Au)  +  hv  -*  0  ( XS)  +  0  (  XD)  +  K.E.  (6-1 3a) 

02'(1nu)  +  hv  ■>  0(2S)  +  0  ( 1 D)  +  K.E.  ( 6  - 1 3b ) 

Now,  to  find  the  unknown  state (s)  whose  dissocia¬ 
tion  products  are  (1S  +  3P) ,  the  Wigner-Witmer  and  the 
ordinary  Selection  rules  should  again  be  considered.  After 
such  considerations,  it  was  found  that  only  the  transition 

to  the  3n  would  be  allowed  from  the  3E  ground  state.  In 
u  g 

fact,  Tanaka  (Ta  52)  identified  three  distinct  continuum 
maxima  in  the  absorption  bands  of  02  in  the  far  ultraviolet 

o  o  o 

at  A1290  A,  A1334  A  and  X1349  A.  Of  these  three  absorption 

o 

maxima  the  longest  one  (1349  A  -  9.19  eV)  lay  situated 

^According  to  the  Franck-Condon  principle,  the  most  prob¬ 
able  transition  is  that  going  up  vertically  from  the  minimum 
of  the  lower  potential  curve  (here  for  a  :A^  the  minimum  is 
at  r  =  1.2  A) . 


■ 


POTENTIAL  ENERGY  (electron  volts) 
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INTERNUCLEAR  DISTANCE  (A) 


Potential  energy  curves  for  ©2  (Kr  72) .  The  nota¬ 
tions  inside  the  parentheses  were  added  in  the 
present  work. 


Fig.  6-3. 
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energetically  very  near  the  dissociation  limit  9.00  eV 
(  D  +  D)  ,  and  the  remaining  two  (1334  A  -  9.29  eV  and 

O 

1290  A  -  9.61  eV)  are  very  near  the  dissociation  limit 
9.30  eV  (2S  +  3P) .  Thus  the  latter  differs  from  the 

O 

energy  of  the  maximum  intensity  of  the  1334  A  continuum 
by  (-  0.01  eV) ,  to  that  of  1290  A  by  0.31  eV  and  to  that 
of  1349  A  by  (-  0.11  eV) . 

O 

The  uppermost  1290  A  continuum  maximum  was 
also  found  to  merge  into  the  tail  of  the  so-called 

O 

"longest  band"  (1244  A)  at  a  certain  pressure  obtained 

during  the  experiment  carried  out  by  Tanaka;  the  state 

related  to  this  maximum  was  henceforth  considered  as  the 

most  unstable  of  the  three  and  was  tentatively  assigned 

by  Tanaka  to  3n  . 

J  u 

Thus,  the  unstable  nature  of  the  3n  state  and 
'  u 

the  small  energy  difference  between  the  dissociation 

o 

limit  (1S  +  3P)  and  the  continuum  maximum  at  1290  A  would 
indicate,  through  the  application  of  the  Franck-Condon 
principle,  that  the  potential  curve  for  3IIu  has  a  shallow 
minimum  which  is  asymptotic  at  9.30  eV  (!S  +  3P) .  (The 

o  o 

other  continuum  at  1349  A  and  1334  A  are  probably  due  to 
transitions  forbidden  by  the  ordinary  Selection  rules 
from  the  ground  state  to  some  excited  unstable  states 
expected  from  the  same  products.)  This  3IIu  state  is  not 
shown  in  Fig.  6-3,  which  was  taken  from  the  reference 
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data  published  by  Krupenic  (Kr  72) ;  in  fact,  from  the 

above  analysis,  it  can  be  deduced  that  3n  would  lie 

u 

between  *£  and  .  It  is  assigned  a  type  D  here,  so 

u  y 

as  to  distinguish  it  from  the  other  (which  is  prob¬ 

ably  of  type  C)  shown  at  the  centre  of  Fig.  6-3.  Equa¬ 
tion  (6-12a)  can  then  be  filled  up  as  follows: 

Through  photodissociation  of  the  unstable  D  3n 

u 

state , 

°  2 *  1 *  (  3  nu )  +  hv  +  O^S)  +  0(3P)  +  K.E.  (6-14) 

Finally,  the  forbidden  lines  at  XX5577  and  2972  A  are 
produced  through  spontaneous  radiation  of  the  metastable 
0 ( 1 S )  atoms,  as  described  in  equations  (6-7a)  and  (6-7b) . 

(iii)  Other  Possible  Mechanisms 

It  should  be  noted  here  that  the  mechanisms 
described  above  gave  the  "best-fit"  among  many  others 
that  were  tried.  Some  unsuccessful  mechanisms  (that 
were  also  based  on  energy  transfer)  are  the  following: 

(1)  He*(3SJ)  +  0(3P)  +  He  (JS)  +  0(1S)  (6-15) 

19.81  eV  0  eV  0  eV  4.18  eV 

Since  the  energy  difference  obtained  from  equation 
(6-15)  is  about  15.63  eV,  it  was  therefore  not  conceiv¬ 
able  that  0  ( 1 S )  atoms  could  have  been  produced  by  ex¬ 
citing  the  ground  state  0(3P)  with  metastable  helium 


atoms . 


* 

V 
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(2)  He(xS)  +  e(v’)  +  He'  +  e(v")  (6-16) 

He'  +  02(X3Z“)  ->  He  (  1 S)  +  0(3P)  +  O  ( 1 S)  (6-17) 

Here,  for  energy  resonance  in  equations  (6-16)  and 
(6-17)  ,  the  excited  He'  atoms  must  be  of  the  order  of 
the  dissociation  limit  (2S  +  XD) ,  i.e.  9.27  eV.  This 
is  not  possible  since  the  lowest  excited  level  of  He  is 
that  of  He*(3Sx)  which  is  19.81  eV. 

(3)  He(1S)  +  e(v')  He"  +  e(v")  (6-18) 

He"  +  0o  (X  3E“)  ->  He*  +  0  '  (a  3A  )  (6-19) 

2  g  2  g 

where  He"  >  He '  >  He*(3S:) 

He'  -*  He*(3S1)  +  hv  (He  lines)  (6-20) 

He*(3S1)  +  0  1  (a  1 A  )  ->  He  ( 1 S )  +  0(3P)  +  0(1S)  (6-21) 

19.8  eV  0.97  eV  0  eV  9.27  eV 

As  can  be  seen  here,  equation  (6-21)  is  not  satisfied 
energetically . 

(4)  He*  ( 3S  j )  +  0z(X  ->■  He'  +  02'(3IIu)  (6-22) 

11.55  eV  0  eV  ?  eV  5 . 0  eV 

0  '  (  3n  )  +  0(2S)  +  0(3P)  +  hv  (6-23) 

2  u 

For  energy  resonance  in  equation  (6-22)  ,  the  excited  He1 
atoms  must  be  of  the  order  of  6.55  eV ,  but  the  lowest 
excited  helium  atoms  are  of  the  order  of  19.81  eV. 


. 
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(5)  He*(3S1)  +  0 2  (X  3Zg)  -*■  He'  +  02'(1Au)  (6-24) 

11.55  eV  0  eV  ?  eV  11.06  eV 

02'(1Au)  +  hv  +  0(lS)  +  0(1D)  (6-25) 

Here,  equation  (6-24)  cannot  be  satisfied  energetically. 

(6)  He*  ( 3S  j )  +  02(X  3Z~)  -*•  He'  +  O  '  ( )  (6-26) 

y 

11.55  eV  0  eV  ?  eV  10.89  eV 

02'(1nu)  +  hv  +  0(JS)  +  0  ( 1 D)  (6-27) 


Again  here,  equation  (6-26)  cannot  be  satisfied  energetically. 

(iv)  Production  Through  Direct  Collisions  with  Electrons 
Among  the  possible  production  mechanisms  of  the 
0(1S)  atoms,  it  was  found  that  the  most  probable  one  would 
be  through  direct  collisions  between  energetic  electrons 
and  ground  state  atoms  and/or  molecules : 

0(3P)  +  e(v')  +  0(XS)  +  e(v")  (6-28) 

02  (X  3Z~  )  +  e(v')  +  0(3P)  +  0(2S)  +  e  ( v" )  (6-29) 

z  g 

Thus,  the  density  of  the  metastable  2S  atoms  or  the  inten¬ 
sity  of  the  green  forbidden  line  was  found  to  be  increasing 
with  the  electric  current  supplied  to  the  discharge  (see 
Fig.  6-4a) .  Also,  as  depicted  by  the  straight  line  in 
Fig.  6-4b,  the  intensity  was  not  proportional  to  any  squared 
or  exponential  value  of  the  electric  current.  This  linear 
relationship  is  as  expected  from  equation  (4-3) . 


.  ( 


Fig.  6-4.  The  intensity  of  the  green  auroral 

line  X5577  A  vs.  the  electric  current 
of  the  discharge. 

(a)  Chart-recording 

(b)  Photon-counting. 
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6  0  mA 
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(v)  Production  through  "Cascade"  Transitions 

Another  possible  populating  process  for  the 
0(1S)  state  was  through  the  cascading  of  such  transitions 

O 

as  01  1218  A.  However,  through  a  particular  range  of 

O 

oxygen  partial  pressures  the  cascading  of  1218  A  turned 
out  to  be  a  depopulating  process,  as  indicated  in 
Table  VI-1.  In  this  table,  through  an  increase  of  oxygen 
partial  pressure  from  0.02  to  0.10  torr,  the  intensity  of 

o  o 

01  1218  A  would  increase  while,  at  the  same  time,  01  5577  A 
would  be  decreasing.  This  paradox  may  indicate  that  the 
diffusion  and  collision  processes,  which  also  controlled 
the  populating  and  deactivating  processes  for  the  metasta¬ 
ble  1S  state,  were  playing  a  greater  role  than  the  cascading 
of  transitions  into  that  state.  Actually,  as  the  density 
of  the  1S  state  was  increased,  it  would  reduce  the  cascad- 

o 

ing  and  thus  the  intensity  of  1218  A,  and  would  simulta¬ 
neously  increase  spontaneous  transition  from  itself,  i.e. 

o 

5577  A  would  then  increase  in  intensity.  Thus,  under  a 
given  discharge  condition,  the  density  of  the  metastable 
:S  state  would  be  quantitatively  connected  to  the  intensi- 

o  o 

ties  of  both  1218  A  and  5577  A,  and  this  would  allow  for 
the  normalisation  process  described  in  section  5.3c. 
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(c:)  01  1218  A 

A  problem  encountered  during  the  intensity 

O 

measurements  of  1218  A  was  the  fact  that  this  line  is 
very  close  to  the  ever-present  hydrogen  impurity  line 

O 

Lyman  a  at  1216  A.  To  solve  this  problem  it  was  found 

O 

necessary  to  measure  the  intensity  of  01  1218  A  in  the 
second  order,  as  is  illustrated  in  Fig.  6-5.  Since  only 
relative  intensity  measurements  of  this  line  were  under¬ 
taken,  any  diminished  intensity  incurred  from  the  mea¬ 
surements  in  the  second  order  would  be  cancelled  out. 

Furthermore,  there  was  another  possible  problem 

O 

in  the  intensity  measurements  of  01  1218  A,  stemming  from 
the  molecular  absorption  in  the  ultraviolet.  Fortunately, 
as  is  well-known,  there  is  a  deep  "window"  in  the  mole¬ 
cular  absorption  spectrum  of  oxygen  at  the  region  next  to 
Lyman  a.  Actually,  the  molecular  absorption  coefficient 

O 

(km)  at  121  8  A,  as  derived  from  Fig.  8  of  Watanabe's 
"Ultraviolet  Absorption  Processes  in  Upper  Atmospheres" 

(Wa  58),  was  less  than  1.0  cm-1.  This  value  of  km,  as  will 
be  shown  in  section  6.4(d) ,  would  yield  a  negligible  correc- 

O 

tion  factor  to  the  measured  intensities  of  01  1218  A. 

o 

(d)  The  Absolute  Transition  Probability  of  [01]  5577  A 

The  experimental  techniques  developed  for  the 
measurement  of  the  absolute  A-value  of  forbidden  lines 

O 

have  been  applied  here  to  the  green  line  01  5577  A  a 
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O 

Resolution  of  01  1218  A  from  Lyman  a, 

1216  A. 

(Sensitivity:  First  Order  -*  1  \iA  and  5  V 

Second  Order  ->  0.1  yA  and  5  V) 


Fig.  6-5. 
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total  of  50  times,  the  runs  being  taken  with  total 
pressures  of  15,  20  and  25  torr  (helium  was  used  as  the 
buffer  gas)  while  varying  the  oxygen  partial  pressure 
with  each  total  pressure  from  0.02  to  0.10  torr.  The 
results  are  shown  in  Table  VI-1. 

The  temperatures  T,  shown  in  column  3,  were  all 
obtained  by  probing  a  thermometer  into  the  discharge 
that  was  uniformly  diffuse  and  that  satisfied  the  optimum 
conditions  discussed  in  the  previous  chapter.  The  values 

O 

of  kQ  (column  6)  for  01  1218  A  were  obtained  by  inter¬ 
polation  from  the  computed  graph  shown  in  Fig.  4-4  (where 
L  =  2.0  31JI  and  the  upper  limit  of  the  integrations  was 
|  oo  |  =  3.0).  The  INb-values ,  obtained  from  equation  (4-45), 

O 

were  first  obtained  by  using  the  f-value  of  01  1218  A  as 
taken  from  the  work  of  Ott  (Ot  71),  i.e.  f  =  0.13  and 
then  making  the  following  substitutions  (all  in  c.g.s. 
units) :  e  =  4.803  x  10“  10  e.s.u. ;  m  =  9.11  x  10“  2  8  gm; 

c  =  3.0  x  10 10  cm/sec;  M  =  32 ,  and  R  =  8.31  x  10 7  ergs/ 
mole  °K .  The  values  of  (C  /CL)  in  the  last  but  one 
column  were  then  obtained  by  making  the  following  substi- 
tion  in  equation  (4-45) :  r  =  1.25  cm;  L1  =  7.0  cm; 

E (5577  A)  =  4.75  x  10 7  ergs/steradian-micron-cm2-sec 

o 

(obtained  by  multiplying  the  value  for  X5577  A  in  Table 

IV- 2  by  10 6);  a  =  4.427  x  10-1  cm2;  h  =  6.62  x  10“27  ergs- 

L 

cm;  (dp/dL) 2  =  0.97;  X  =  5.577  x  10“5  cm;  AX  =  1.07  x  10-4  y 
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Table  VI-1.  Results  on  the  absolute  transition  probability  A  of  the  green 

forbidden  line.  (Continued) 
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and  TF  =  0.99.  Finally,  the  A-values  in  the  last  column 
were  obtained  by  substituting  the  N.-  and  the  (C_/C  ) - 
values  into  equation  (4-44)  ,  which  turned  out  to  be  the 
following : 

A  (55 77  A)  =  ^v3-5--j  x  103  sec"1 

O 

The  mean  A-value  of  01  5577  A  was  thus  found 

JL 

to  be  1.06  sec-1,  with  a  standard  deviation  crT  of  ±0.13. 
The  standard  deviation  was,  in  fact,  well  within  the  total 
experimental  error  which  will  be  discussed  later  in  this 
chapter. 

O 

(e)  Error  Estimation  for  A (5577  A) 

The  major  source  of  error  in  this  experiment 

O 

involves  the  assumed  f-value  of  01  1218  A,  which  was 
taken  from  Ott  (Ot  71) .  He  used  a  wall-stabilized  arc 
discharge  operating  in  a  mixture  of  argon  and  oxygen, 
and  obtained  the  value  0.12  with  an  error  "estimated 
to  be  approximately  ±23%".  (Another  recent  experimental 
result  by  Forsman  and  Clark  (Fo  73)  was  at  least  50% 
smaller  than  other  experimental  values  reported,  and 
has  not  been  used  in  this  work . ) 


t  i  n  _  y2 

The  standard  deviation  o  =[  -  ^  (xi  -  x)  J  where  n 

is  the  number  of  runs  and  x  is  the  mean  value  and  xi  is 
the  individual  value  obtained. 
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The  error  in  the  temperature  measurements,  as  explained 
in  section  5.2,  had  an  upper  limit  of  ±5%,  while  the 
intensity  measurements  should  be  good  to  better  than 
±10%  and  finally,  ±5%  error  was  allowed  for  the  miscel¬ 
laneous  measurements  such  as  those  on  the  geometrical 
dimensions,  etc.  Thus,  we  estimate  an  overall  uncertain¬ 
ty  of  about  ±30%,  giving  the  result 

A  (5577  A)  =  1.06  ±  0.32  sec-1 
As  may  be  noticed  here,  the  standard  deviation  of  ±0.13 
found  in  the  50  runs  was  well  within  this  estimated 
error  limit. 

O 

(f )  Obtaining  the  f-value  of  01  1218  A  from  the  Current 
Results 

One  of  the  main  sources  of  uncertainty  in  the 

O 

present  experimental  result  for  A (5577  A)  is  still  in  the 

O 

f-value  of  01  1218  A.  If  we  reversed  the  procedure,  i.e. 

_ .  ° 

assumed  the  A-value  (=  1.183  sec  )  for  5577  A  obtained 
through  the  NCMET  calculation  of  Nicolaides  et  al .  (Ni  71), 
and  substituted  it  in  the  current  measurements,  we  would 
then  obtain,  for  each  run, 

f  =  (6.54  x  10~5)  /T 

O 

The  resulting  mean  f-value  of  01  1218  A  is  then  0.134  ± 
0.013,  as  compared  to  0.120  and  0.051  obtained  experimen- 


■> 
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tally  by  Ott  (Ot  71)  and  Forsman  and  Clark  (Fo  73) 
respectively . 

(g)  The  Absolute  Transition  Probability  of  the  Forbidden 

Oxygen  Line  at  A2972  A 

o 

Since  the  forbidden  lines  of  oxygen  at  2972  A 

O 

and  5577  A  have  the  same  upper  state  ^Sq),  one  can  obtain 
the  ratio  of  their  A-coef f icients  by  comparing  their 
intensities  under  the  same  overall  conditions  (see  equa¬ 
tion  4-39)  . 

O 

The  [01]  2972  A  line  (known  as  the  transauroral 
line)  was  too  weak  to  observe  side-on  from  the  discharge 
tube;  the  intensity  comparison  was  therefore  made  by 
observing  the  forbidden  lines  end-on,  i.e.  with  the  tube 
fitted  end-on  to  the  Spex  monochromator  slit.  However, 

O 

even  when  the  tube  was  end-on,  [01]  2972  A  was  found  to 
be  photoelectrically  measurable  only  when  the  buffer  gas 
used  in  the  discharge  mixture  was  argon,  instead  of  heli¬ 
um.  Yet  the  transauroral  line  was  so  weak  and  the  Spex 
response  and  the  photographic  plate  emulsion  were  so  low 
at  that  wavelength  that  it  was  not  possible  to  obtain  its 
spectrogram,  even  after  long  exposures.  However,  with  a 
cooled  9658R  photomultiplier  it  was  found  to  be  photoelec¬ 
trically  detectable.  Figs.  6-6a  &  b  illustrate  the  chart¬ 
recording  of  the  two  forbidden  lines  which  as  expected. 
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Fig.  6-6.  Chart-recorded  spectra  of  [01]  2972  and  5577  A. 

a)  Mixture:  0.2  torr  02  -f -15  torr  Ar  (b)  Mixture:  1  torr  02  +  15  torr  Ar 

Sensivity  :  01.  5577:  (3  |iAi&75  V) 

01  2972  :  (0 . 3  pA  &  2  V) 

Other  Conditions : 


same . 
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were  found  to  diminish  in  intensity  as  the  partial  pres¬ 
sure  of  oxygen  was  increased. 

The  Spex  monochromator  and  detection  system  was 
then  calibrated  at  the  two  wavelengths  (5577  and  2972  A)  in 
the  following  way : 

The  mean  number  of  counts/sec  from  the  standard  lamp, 
run  at  the  calibrated  current  (35  amperes)  and  under  the 
same  overall  spectrophotometric  conditions,  were  first 
obtained.  These  counts  were  then  corrected  for  the  back¬ 
ground  and  scattering  light  (done  by  using  the  appropriate 
filters).  Say,  then 

O 

mean  counts/sec  from  lamp  for  15577  A  x 

O 

mean  counts/sec  from  lamp  for  X29  72  A  y 
and,  from  Table  IV-2, 

O 

spectral  radiance  of  lamp  (35  Amps.)  at  15577  A  __  a 

O 

spectral  radiance  of  lamp  (35  Amps.)  at  X2972  A  b 
Then , 

o 

Response  of  Spex  detection  system  at  X5577  A  _  (x/y )  _  z_ 
Response  of  Spex  detection  system  at  X2972  A  (a/b)  1 

Thus ,  if 

measured  intensity  of  [OIJ  5577  A  C  (55 7 7  A)  h  x  29  72 

■  --  -  —  -  ■  .  ■— 1  1  ’  ZZ2  "  X 

measured  intensity  of  [OIJ  2972  A  C(2972  A)  h  x  5577 

C'  (5577  A) 

C'  (2972  A) 


-30) 


-31) 


32) 


(6-33) 
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Then  the  true  intensity  ratio 

1  (5577  A)  C'  (5577  A)  1  _  _ 

-  - x  “  (6-34 

I  (2972  A)  C'  (2972  A)  z 

The  values  of  C' (X)  obtained  by  photon¬ 
counting;  the  peaks  of  the  two  photon-counting  profiles 
through  the  same  slit  width  were  compared,  and  the  com¬ 
parison  was  repeated  several  times,  each  with  a  mixture 
of  different  argon  or  oxygen  partial  pressures.  The 
photon-counting  profiles  of  [01]  5577  A  and  [01]  2972  A 
for  one  of  those  mixtures  are  illustrated  in  Fig.  5-5, 
and  the  results  are  shown  in  Table  VI-2. 

Table  VI-2.  Results  for  the  true  intensity  ratio 

I  (5577  A) /I (2972  A)  . 


Mixture 

Number 

C'  (5577  A)  ..  n„2 

1(5577  A) 

A  (55 77  A) 

Mo  nn 

o  x  ±u 

C'  (2972  A) 

I  (2972  A) 

rue.  ci  1 1 

A  (29  72  A) 

1 

2.81 

23.1 

2 

2.85 

23.5 

3 

2.93 

24.1 

23.7  ±  1.1 

4 

3.10 

25.5 

5 

2. 70 

22.2 

In  this  table,  the  values  shown  in  the  third  column  were 
obtained  by  multiplying  those  in  the  second  column  with 
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the  z-value  that  was  obtained  as  follows : 

Using  the  calibrated  standard  lamp  and  equation 
(6-30) ,  it  was  found  that 

-  =  2565 

y 

and  from  equation  (6-31) , 


=  211 
b 

so  that  z  =  12.16 

Thus,  as  shown  in  the  fourth  column  of  Table  VI-2, 


Mean 


A  (5577  A) 
A (29  72  A) 


23.7  ±  1.1 


However,  as  previously  obtained  in  the  present  work, 

A  (55  77  A)  =  1.06  ±  0.013  sec-1 
/.  A(2972  A)  =  0.045  ±  0.008  sec"1 


Allowing  an  upper  limit  of  ±10%  error  in  the  intensity 
measurements ,  we  would  then  obtain 


A(5577  A)  _  23.7  ±  2>4 
A (29  72  A) 


Adding  the  ±10%  error  to  the  previous  ±30%  error  estimated 

o 

for  A (5577  A),  we  would  finally  obtain 

A  (29  72  A)  =  0.045  ±  0.014  sec-1 

o  o 

where  the  'Standard  deviation  (±0.008)  for  A(2972  A)  is 
still  within  the  estimated  "most  probable"  error  of  ±0.014. 

o 

Due  to  the  fact  that  [01]  5577  A  arises  from 
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pure  EQ  and  [01]  29  72  from  pure  MD  radiation,  both  having 
the  same  upper  aS  level,  the  constancy  of  their  measured 
ratios  from  mixtures  of  varying  pressures  can  but  confirm 
the  assumption  that  collisional  stimulation  of  the  *S 

O 

level  was  absent,  i.e.  the  measured  5577  A  line  intensity 
did  in  fact  correspond  to  photons  arising  from  spontane¬ 
ous  emission  only. 

The  theoretical  and  experimental  results  for 
the  A  coefficients  of  [01]  5577  A  and  [01]  2972  A,  that 
have  been  reported  by  previous  workers,  are  listed  in 
Table  VI-3.  Omholt's  result  (Om  56)  was  deduced  from 
studies  on  several  types  of  rapidly  changing  auroras, 
while  the  values  for  the  ratio  A  (5577)/A (2972)  obtained 
by  LeBlanc  et  al.  (Le  66)  and  McConkey  et  al .  (Me  66) 
were  from  laboratory  studies.  McConkey  and  Kernahan 
(Me  69)  measured  the  A-value  of  the  green  line  reliable, 
however,  only  to  a  factor  of  two,  due  mainly  to  a  50% 

O 

uncertainty  at  that  time  in  the  f- value  of  01  1218  A. 

The  result  of  Corney  and  Williams  (Co  72)  was  obtained 
by  recording  the  time  dependence  of  the  decay  of  [01] 

5577  A  during  the  afterglow  of  a  pulsed  discharge  in  an 
inert  gas-oxygen  mixtures.  As  for  the  theoretical  re¬ 
sults,  the  methods  used  were  as  mentioned  in  section  2.6 
of  this  thesis. 

Thus ,  the  new  experimental  determination  of  the 
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A  coefficient  of  the  5577  A  is  in  good  agreement  with 
the  latest  sophisticated  theoretical  calculation  (see 
section  2.6).  Moreover,  in  obtaining  a  value  for  the 
ratio  A (5577) /A (2972)  we  find  good  agreement  with  other 
results,  both  theoretical  and  experimental. 

6 . 4  Results  and  Analysis  on  the  Forbidden  [01]  Lines 
at  AA6300  and  6364  A 

(a)  Laboratory  Production  of  the  Red  Auroral  Lines 

O 

at  AA6300  and  6364  A 

o 

The  red  forbidden  lines  at  AX6300  and  6364  A 
were  produced  in  a  similar  way  to  the  green  forbidden 
line,  except  that  here  it  was  necessary  to  use  a  higher 
partial  pressure  of  oxygen  (thus  a  higher  probability 
of  bringing  up  a  "cored"  discharge)  and  argon  had  to  be 
used  as  the  buffer  gas  in  the  discharge  mixture  -  they  did 
not  show  up  in  mixtures  using  helium  as  a  buffer.  Futher- 

O 

more,  the  red  [01]  line  at  A6300  A  was  found  to  be  pro¬ 
duced  to  an  extent  that  was  photoelectrically  measurable 
only  in  a  restricted  number  of  mixture  compositions,  and 
that  was  only  for  conditions  of  an  "optimum  dishcarge" 
where  the  molecular  oxygen  and  impurity  bands  were  absent. 
Figs.  6- 7a  &  b  illustrate  an  example  of  how  the  red  [01] 
line  at  A6300  A  appearing  in  a  certain  type  of  mixture 
(1.5  torr  of  oxygen  and  30  torr  of  argon),  would  simply 
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[OI]  6300 


Arl  6297 


Arl  6307 


[OI]  6364 


Arl  6369 


Fig.  6-7.  The  red  forbidden  lines  were: 

(a)  present  in  a  mixture  of  1.5  torr  of  oxygen 
and  30  torr  of  argon. 

(b)  absent  in  a  mixture  of  2.0  torr  of  oxygen 
and  20  torr  of  argon. 
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dissappear  in  another  mixture  of  different  composition 
(20  torr  oxygen  and  15  torr  of  argon).  Also,  in 

o 

Fig.  6-7a,  both  [01]  6300  and  6364  A  showed  up  while 

O 

Arl  6927  and  6307  A  were  absent,  whereas  in  Fig.  6- 7b, 
the  reverse  effect  occurred.  Thus,  unlike  the  green 
line,  we  were  restricted  to  runs  using  oxygen  partial 
pressures  of  1.25  torr  or  1.50  torr,  and  argon  pressures 
of  25,  30  and  35  torr.  Through  each  discharge  a  current 
of  90  mA  and  a  p.d.  of  about  6000  volts  were  used. 

(b )  Processes  Involved  in  the  Production  of  the  Metasta¬ 
ble  0 ( 1D)  Atoms  and  the  Red  Forbidden  Lines 

The  same  mechanism  as  that  considered  in  section 
6.2(b)  can  be  proposed  to  explain  the  production  of  the 
metastable  0(JD)  atoms.  Thus,  here  we  can  replace  He  by 
Ar  throughout  equations  (6-9)  to  (6-13)  which  would  rep¬ 
resent  one  of  the  main  processes  by  which  0(:D)  atoms  are 
produced . 

Another  main  production  process  for  the  0(1D) 
atoms  is  represented  by  equation  (6-13)  with  x  being  sub¬ 
stituted  by  the  B  3I“  state  (see  Fig.  6-3) : 

02(B  3E")  +  hv  ->  0(3P)  +  0(2D)  +  K.E. 

(dissociation  limit  =  7.08  eV) 

The  (B  3E“  -  X  3 l  )  transition  is  the  well-known  Shumann- 
u.  y 
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Range  system  whose  continuum  and  absorption  bands  have 
been  observed  quite  a  loner  time  ago  (Fii  25,  Le  26),  with 

O 

the  continuum  maximum  situated  at  about  1750  A.  The 
most  accurate  convergence  (theoretical)  limit  for  the 
system  was  actually  determined  by  Brix  and  Herzberg 
(Br  54)  and  found  to  be  57128  ±  5  cm”1  or  7.08  eV. 

There  is  also  a  dissociation  continuum  maximum 

O 

at  A1349  A  (-  9.19  eV)  which  is  just  above  the  dissocia¬ 
tion  limit  at  9.00  eV  (:D  +  2D)  (see  Fig.  6-3).  This 
would  suggest  the  existence  of  an  unknown,  unstable  state 
x  with  a  dissociation  limit  (:D  +  2D)  at  9.00  eV.  Photo¬ 
dissociation  of  this  unstable  state  would  yield  a  further 
amount  of  0(JD)  atoms: 

02'(x)  +  hv  -*  :D  +  :D  +  K.E.  (6-35) 

Barrow  and  Parcq  (Ba  68)  and  Carleer  and  Colin  (Ca  70) 

observed  a  f  *A  -  a  band  system  in  absorption  for 

u  g 

sulphur  molecules  whereby  they  establish  that  the  disso¬ 
ciation  products  of  f  1 should  be  necessarily  (*D  +  }D). 
This  result  would  suggest  that  the  unknown  state  x  in 
equation  (6-35)  may  also  be  f  1 A^ ,  so  that  a  f  A^  -  a  A^ 
band  system  in  absorption  in  oxygen  molecules  would  also 
exist.  However,  no  literature  on  such  a  band  system  for 
oxygen  exists  yet.  The  assignment  of  this  state  (f  2Au) 
as  shown  in  Fig.  6-3  is  therefore  tentative  here. 


I 
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Production  by  Direct  Collisions  with  Electrons 

Again  here,  it  was  found  that  the  most 

probable  mechanisms  for  the  :D  atoms  would  be  through 

direct  collisions  between  energetic  electrons  and  ground 

state  atoms  and/or  molecules : 

O  ( 3P)  +  e (v' )  +  0  ( 2D)  +  e  (v"  ) 

02(X  3Z  )  +  e(v')  ->  0(3P)  +  0  ( 1 D )  +  e(v") 

y 

Thus,  the  density  of  the  metastable  :D  atoms  or  the 

O 

intensity  of  the  red  forbidden  line  A6300  A  was  again 
found  to  be  directly  proportional  to  the  electric  current 
supplied  to  the  discharge  mixture  (see  Figs.  6-8a  &  b) . 

(c)  01  1152  A 

o  o 

Like  the  oxygen  line  at  1218  A,  that  at  1152  A 
was  found  to  increase  in  intensity  with  the  oxygen 
partial  pressure  while  at  the  same  time  the  intensity  of 

O 

the  forbidden  line  at  6300  A  would  be  decreasing,  thus 
indicating  the  same  connection  between  the  density  of  the 

o  o 

XD  state  with  the  line  intensities  of  A1152  A  and  A6300  A 
as  that  between  the  density  of  the  1S  state  and  the  line 

o  o 

intensities  of  A1218  A  and  A5577  A. 

It  was  found  necessary  to  measure  the  intensity 

O 

of  01  1152.15  A  in  the  second  order  because  it  was  always 
blended  by  the  oxygen  molecular  bands  at  A1151.46,  1151.67 

O 

and  1152.14  A.  These  bands,  shown  in  Fig.  6-9,  were  iden- 


171 


Fig.  6-8.  The  intensity  of  the  red  auroral 

line  6300  &  vs.  the  electric  current 
of  the  discharge. 

(a)  Chart-recording 

(b)  Photon-counting. 
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01  1152.15 


Fig.  6-9.  Resolution  of  01  115g  A  from  02  bands  at  A1151.46, 
1] 51.67  and  1152 . 14  A. 
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tified  as  group  (a)  by  Tanaka  (Ta  52)  who  assigned  an 
intensity  ratio  of  8/7  to  1(1152.14  A)/(1151.67  A). 

Thus,  to  obtain  the  baseline  or  continuum  for  01  1152.15 

o 

which  superposed  02  1152.14  A,  the  peak  intensity  of 

o 

A1151.67  A  was  measured  and  multiplied  by  8/7. 

The  greatest  problem  involved  in  the  intensity 

O 

measurement  of  01  1152  A  was  that  produced  by  the  molecu¬ 
lar  absorption  at  that  wavelength  (there  is  not  an  optical 
window  there,  unlike  the  case  for  Lyman  a).  Thus  a  cor¬ 
rection  factor  due  to-  molecular  absorption  has  to  be 

applied  to  the  measured  intensity  ratio  I  /I.  of  this  line. 

Li  X/ 

(d)  The  "Correction  Factor"  Due  to  Molecular  Absorption 

o 

Unlike  1218  A,  the  molecular  absorption  of 

O 

oxygen  at  1152  A  is  not  negligible.  Thus,  in  measuring 

o 

the  intensity  ratio  (I  /I^)  of  1152  A,  not  only  the  atomic 
absorption  coefficient  (k^)  but  also  the  molecular  absorp¬ 
tion  coefficient  k  (A)  should  be  taken  into  account. 

m 

K  ( A)  is  defined  by  Lambert-Bouguer ' s  law, 

I  =  I0  e-km(A)  'X  (6-36) 

where  I  and  I  are  the  light  intensities  before  and  after 
absorption  in  a  path  d  reduced  to  N.T.P. 

i,e*  x  =  d  x  y[L-  x  (6-37) 


o  <J 
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The  absorption  cross 
follows : 


section  is  then  obtained  from  k  as 

m 


am(A)  =  km(A)//no  (6-38) 

where  nQ  =  2.70  x  10 19  molecules/cm3  (called  the  "Loschmidt's 
number) .  The  values  of  k  (A)  for  molecular  oxygen  can  be 
deduced  from  curves  relating  to  A,  obtained  by  Watanabe 
(Wa  58)  ,  Metzer  and  Cook  (Me  64)  or  Ogawa  and  Yamawaki 
(Og  70)  . 

To  obtain  the  correction  factor  due  to  molecular 
absorption  let  us  consider  the  flux  coming  out  of  point  A 
of  a  discharge  tube  (cross  section  =  a)  into  the  monochro¬ 
mator  slit  (see  Fig.  6-10).  If  the  flux  per  unit  volume  with 
no  absorption  at  all  were  I  ,  then  that  from  a  volume  element 
a(dx)  with  no  absorption  would  be  a(dx) (Iu) .  Then,  from 


D _ A _ B _ C 

slit  < - 1  O  1  Q  q  | 

i  ~  —  £  — H 

o 


Fig.  6-10.  The  molecular  absorption  paths. 


equation  (6-36)  ,  the  flux  from  volume  element  a(dx)  after 
molecular  absorption  through  a  reduced  length  x  would  be 

/  j  \  /  -r  \  -km  (  X)  •  x 
a (dx) (I  )  e  mV 
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Hence,  the  flux  from  the  volume  AC  after  molecular  absorp¬ 
tion  is 

Lr 

(IT>  =  •r  a(dx)  (I  )  e'km(X)'  x 

L  mol .  Q  u 


=  a(IJ  [1  -  exp  (-km ( A)  .  LD}  ] 


u 


R 


where 

Similarly,  from  volume  AB, 


T  t  p  273 
=  L  x  -  x  - 

R  760  T 


(H)mol.  =  a(Iu)  [1  ’  exp  *R}] 


(6-39) 

(6-40) 


(6-41) 


Ip/ 


1  -  exp  {-km (X) *  Lr} 


=  F(P,T,km(A)  ,Ln,ln)  (6-42) 


£/mol.  1  -  exp  { “km ( X )  -  £R} 


R  R 


Now,  the  flux  coming  from  volume  AC  starting  at  point  A  would 
be  attenuated,  when  it  reached  point  D,  by  the  same  factor, 

exp  {-km  £Q  } ,  as  that  from  volume  AB  starting  at  the  same 

R 

point  A  ,  i . e . 


1 £ 'mol. 


at  point  A  = 


—  ]  at  point  D  =  F 

■  £'mol. 


(6-43) 


However,  if  there  were  no  absorption  at  all, 


NA  hv  L  /  L 


£ 


NA  hv  £  U 


(r) 


the  correction  factor  due  to  molecular  absorption  is 


C(P,T,km(A)  ,Ld,£0)  = 


R  R' 


j  j/F  (P  ,T  ,km(X)  ,Lr,£r) 


£ 


(1  -  exp  {-km(A) •  Lr} 
(1  -  exp  {-km (X) .  £r} 


(6-44) 


(6-45) 
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Also,  during  the  experiment,  the  measured  ratio  (IL/I^) 
included  both  molecular  and  atomic  absorption.  Hence, 
for  atomic  absorption  only, 

x  C(P,T,km(A)  ,LR,£R) 

me  as  . 


x 


)/ 


1  -  exp  {-km (A) •  Lr} 
H  4neasT  W  /' 1  -  exP  t-kmU)  •  £R} 


(6-46) 


Case  for  the  Oxygen  "Windows" 

At  the  oxygen  windows ,  the  molecular  absorption 
coefficient  km(A)  -  0 ,  so  that  if  we  evaluate  equation  (6-42) 
accordingly,  we  would  obtain 

1  -  exp  {-km  (A)  .  Lr} 


F  = 


1  -  exp  {-km(A) * 


1  ■  {l  -  ^  Lr  +  Lr)2 


} 


1  -  {1  '  km  +  (km  V2  . } 


(6-47) 


lr  _  L 
£r  * 

Thus,  for  equation  (6-45),  the  correction  factor  will  then  be 


i .e . ,  when  km ( A)  -  0,  as  it  is  for  01  1218  A  (km  -  0.3  cm *  1 ) , 
the  value  of  C  would  be  unity,  i.e.  no  correction  due  to 
molecular  absorption  is  required  at  this  wavelength  (as  was 


assumed) . 
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(e )  The  Absolute  Transition  Probability  of  the  Forbidden 

[01]  Line  at  X6300  A 

The  same  technique  as  the  one  applied  to  the 
green  forbidden  line  in  section  6.2(d)  was  employed  for 

O 

the  red  one  at  A6  300  A.  The  results  are  as  shown  in 
Table  VI-4.  The  buffer  gas  used  was  argon  and  the  number 
of  runs  was  restricted  to  twelve  for  the  reason  mentioned 
previously.  The  total  pressure  of  the  gas  mixture  was 
generally  higher  than  that  used  for  the  green  line  and  a 
correspondingly  higher  temperature  was  obtained.  Many 
values  that  were  used  for  substitution  in  equation  (4-44) 
and  (4-45)  for  determining  and  A^j  were  the  same  as 
those  for  the  green  line,  except  for  the  following  changes 
that  were  due  to  alterations  on  the  tube's  arrangement  and 

O 

the  wavelengths:  L'  =  8.0  cm,  (dp/d^)2  =  0.40,  E(6300  A)= 
7.75  x  10 7  ergs/s teradian-micron-cm2-sec ,  A  =  6.300  x  10  5cm 

o  o 

and  f  (1152  A)  =  0.101  (±8%).  The  f-value  at  1152  A  was 
obtained  in  this  laboratory  by  the  beam-foil  technique 
(Li  72)  . 

To  obtain  the  value  of  k0 ,  the  measured  intensity 

ratio  (I  /I  )  was  corrected  for  absorption  by  molecular 

L'  £  me as. 

oxygen  by  using  equation  (6-46) .  The  molecular  absorption 

o 

coefficient ,  k  (1152  A),  was  actually  deduced  from  the  work 

m 

of  Watanabe  (Wa  58)  and  was  found  to  be  32.4  cm-1.  Finally, 
as  shown  in  the  last  column  of  Table  VI-4,  the  value  of 
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Table  VI-4.  Results  og  the  absolute  transition  probability  of  the  red  forbidden  01  line 

at  A6300  A. 


■■ 

179 


A  (6300  A)  would  be  given  by 

°  n 

A (6300  A)  =  —  ‘  “ 

k 

o 

and  the  mean 

A  (6300  A)  =  5.61  x  10 

(f )  Error  Estimation  for  A  (6300  A) 

The  overall  error  involved  here  is  around  the 
same  as  that  estimated  for  the  green  line,  i.e.  <_  ±  30%, 
if  it  were  not  for  the  additional  uncertainty  introduced 

O 

by  the  value  of  the  molecular  absorption  km  at  1152  A. 

The  latter  was  deduced  from  Watanabe's  results  (Wa  58) 
whose  degree  of  uncertainty  depended  on  the  reliability 
of  his  photoelectric  recordings.  This  type  of  uncertainty 
generally  has  an  upper  limit  of  10%,  so  that  the  overall 

O 

error  on  the  A-value  of  01  6300  A  would  be  ±33%,  giving 
the  result 

A  (6  300  A)  =  5.61  ±  1.87 

Again  here,  the  standard  deviation  of  ±0.94,  obtained  in 
the  12  runs,  was  still  well  within  the  estimated  overall 


'F  _i 

—  sec 


3  ±  0.94  sec  1 


error . 
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(g)  Obtaining  the  km-Value  of  Oxygen  at  A1152  A  from  the 

Current  Results 

The  molecular  absorption  coefficient  (km)  of 
oxygen  at  A1152  A  was  found  to  be  32.4  cm  1  from  Watanabe ' s 
results  (obtained  from  upper  atmospheric  observations), 
whereas  in  Metzer  and  Cook's  results  (obtained  from  labo¬ 
ratory  observations)  it  was  found  to  be  around  200  cm-1. 

Such  a  wide  discrepancy  can  but  cast  doubt  as  to  whether 
the  choice  of  Watanabe' s  results  in  the  determination  of 

O 

A  (6  300  A)  was  indeed  the  right  one.  Consequently,  to 
ascertain  that  a  reasonable  choice  was  made,  the  procedure  by 
which  Table  IV-4  was  established,  was  here  reversed  by  assum¬ 
ing  initially  the  best  available  theoretical  A-value  of 

O 

01  6300  A  (=  6.29  x  10-3  sec-1)  ,  which  is  the  mean  of  those 
obtained  by  Garstang  (Ga  51)  and  Yamanouchi  and  Horie 
(Ya  52) ,  and  then  substituting  it  into  the  present  measure¬ 
ments  ;  the  km-values  for  each  run  were  then  computed  from  a 
program  that  also  incorporated  the  correction  factors 
defined  in  equation  (6-45)  or  (6-46)  ,  the  results  being  as 
shown  in  Table  VI-5.  The  resulting  mean  km- value  for  oxygen 
at  1152  A  turned  out  to  be  45.0  cm-1  ±  7.1,  which  is  much 
nearer  to  Watanabe ' s  rather  than  Metzer  and  Cook's  result, 
thus  supporting  the  current  choice  for  the  km- value. 
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Table  VI-5.  Results  on  the  molecular  absorption  coefficient  km  of  01  1152 

assuming  a  mean  A (01  6300  A)  of  6.29  x  10-3  sec-1. 


182 


(h )  Obtaining  the  f-Value  of  01  1152  A  from  the  Current 

Results 

The  most  recent  and  accurate  f-value  of  01  1152 
was  found  to  be  0.11  ±  20%  in  the  measurements  of  Ott 
(Ot  71)  and  0.101  ±  10%  in  those  of  Lin  et  al .  (Li  72) . 

Here,  assuming  the  mean  theoretical  A-value  of  01  6300  A 
(=  6.29  x  10“ 3 )  obtained  from  the  references  (Ga  51)  and 
(Ya  52)  and  substituting  it  into  the  current  measurements, 
we  would  obtain,  for  each  run, 

ko 

f  =  -  x  1.47  x  105 

(Cp/C^ ) 

o 

The  resulting  mean  value  of  f (1152  A)  was  then  found  to  be 
0.116  ±  0.024. 

(i )  The  Absolute  Transition  Probability  of  the  Forbidden 

[01]  Line  at  X6364  A 

O 

The  two  red  oxygen  forbidden  lines  [01]  6300  A 

O 

and  [01]  6364  A  have  a  common  parent  state  in  2p4  !D2,  so 
that,  by  comparing  their  intensities  under  the  same  overall 
conditions  one  can  obtain  the  ratio  of  their  A  coefficients. 

O 

The  [01]  6364  A  line  (also  known  as  a  red  auroral 
line)  was  too  weak  to  observe  side-on  from  the  discharge 
tube;  the  intensity  comparison  was  therefore  carried  out  by 

O 

observing  the  lines  end-on.  However,  unlike  the  [01]  2972  A 

O 

line  the  forbidden  line  at  A6364  A  could  be  photographed. 


o 
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The  spectrogram  shown  in  Fig.  6-11  illustrates  the  green 

°  o 

(X5577  A)  and  the  red  (X6300/64  A)  forbidden  lines ,  taken 
on  a  strip  of  Kodak  film  EH-135  and  with  a  45  minutes 
exposure;  the  discharge  mixture,  consisting  of  1.50  torr 
oxygen  and  30  torr  argon,  was  run  at  a  constant  current 
of  90  mA. 

o  o 

To  obtain  the  intensity  ratio  1  (6364  A) /I  (6300  A) 
the  response  of  the  Spex  monochromator  and  detection  sys¬ 
tem  at  these  wavelengths  was  calibrated  as  explained  in 
section  5.3(g).  The  peaks  of  their  photon-counted  pro¬ 
files  were  compared  for  six  different  argon-oxygen  mixtures. 
The  final  results  on  the  true  intensity  ratio  are  as  shown 
in  Table  VI-6. 

Table  VI-6.  Results  on  the  true  intensity  ratio 

I  (6364  A)/I  (6300  A). 


Mixture 

C'  (6364  A) 

I  (6364  A) 

..  A  ( 6  30 0  A) 

Number 

C'  (6300  A) 

1  (6300  A) 

l\Lti  Cl  1 1  '  "  a 

A ( 6 364  A) 

1 

0.331 

0.331 

2 

0.  329 

0 . 329 

3 

0 . 310 

0 . 310 

0.32  ±  0.01 

4 

0.340 

0.340 

5 

0.306 

0 . 306 

6 

0.315 

0 . 315 

. 
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Photographs  of  the  green  (5577  A)  and  the  red 
(6300/64  A)  forbidden  lines  of  oxygen. 


Fig.  6-11 
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o  o 

Since  the  responses  at  6300  A  and  6364  A  are  equal  to  the 
extent  where  they  cannot  be  exactly  distinguished,  their 
z-value  (see  equation  6-32)  is  therefore  unity  and  the 
values  in  the  second  and  third  columns  of  Table  VI-6  would 
then  be  equal.  We  would  then  obtain,  as  denoted  in  the 
fourth  column. 


Mean 


A (6  364  A) 
A (6300  A) 


=  0.32  ±  0.01 


However,  from  the  previous  result, 


A  ( 6  300  A)  =  (5.61  ±  0.94)  x  10“3  sec  1 
A  ( 6  364  A)  =  (1.80  ±  0.36)  x  10"3  sec-1 


Allowing  an  upper  limit  of  ±10%  error  in  the  intensity 
ratio  measurements ,  we  would  then  obtain 

AJjL3..6 =  o.32  ±  0.0  3 
A (6 300  A) 

Adding  the  ±10%  uncertainty  to  the  previous  ±33%  error 

O 

estimated  for  A  (6300  A)  ,  we  would  finally  obtain 

A  ( 6  364  A)  =  (1.80  ±  0.62)  x  10-3  sec-1 
Again  here,  as  for  I  (5577) /I  (2972)  ,  the  constancy  of  the 
ratio  I  (6364) /I  (6300)  indicates  the  absence  of  collisional 

O 

stimulation  in  the  *D  level,  i.e.  the  measured  6300  A  line 
intensity  did  correspond  to  photons  arising  from  spontane¬ 
ous  emission  only. 

In  Table  VI-7,  the  comparison  between  the  various 


REFERENCE 


A  (6300 )  A (6364 ) 


A ( 6  364 )  A  ( 6  300 )  + 

A (6300)  A ( 6  364 ) 


Theoretical 

Condon  (Co  34) 

7.5 

Pasternack  (Pa  40) 

7.8 

Garstang  (Ga  51) 

6.9 

Yamanouchi  and 

Horie  (Ya  52) 

5.69 

Experimental 

Kvifte  and 

Vegard  (Kv  47) 

- 

Omholt  (Om  60) 

— 

Stoffregen  and 
Derblom  (St  60b) 

McConkey  et  al . 

(Me  66) 

Present  work  5.61±1.87 


2.5 

0.33 

10.0 

2.6 

0.33 

10.4 

2.2 

0.32 

9.1 

1.85 

0 . 325 

7.54 

0.33 

5.3 

8.3 

0.33 

1.8010.62  0.3210.03  7.41 


Table  VI-7.  Theoretical  and  experimental  results  for  the 

forbidden  A-values  of  [01]  lines  at  XX6300 
and  6364  A  (in  sec-1  x  10"3). 
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experimental  and  theoretical  values  that  have  been  pre¬ 
viously  reported  for  the  A-coef f icients  of  [01]  6300  A 

o 

and  [01]  6364  A  and  the  present  experimental  results  is 
summarized.  Stoffregen  and  Derblom  (St  60b)  and  Omholt 
(Om  60)  estimated  the  lifetime  of  the  2D2  level  from 
studies  of  aurorae,  while  the  ratio  A (6364) /A (6300)  was 
measured  in  the  laboratory  by  Kvifte  and  Vegard  (Kv  47) 
and  McConkey  et  al .  (Me  66).  The  theoretical  results  were 
all  based  on  the  perturbation  method  described  in  section 
2.6. 

Thus ,  to  date  the  only  determination  made  on  the 
A-coef f icients  of  the  red  forbidden  lines  was  based  on  a 
perturbation  theory.  However,  in  these  theoretical  cal¬ 
culations,  which  were  done  about  20  years  ago,  it  is  ac¬ 
knowledged  (see  comments  on  section  2.6(a))  that  the 
correct  wavef unctions  were  not  used  -  only  a  few  pertinent 
wavef unctions  were  then  available  and  there  were  no  elec¬ 
tronic  computers  as  nowadays  to  deduce  them.  Consequently, 
the  size  of  the  error  involved  in  these  theoretical  A- 
coefficients  was  not  estimated.  As  mentioned  previously,  the 
more  sophisticated  NCMET  method  of  Sinanoglu  and  co-workers 
has  not  yet  been  applied  to  the  red  forbidden  lines.  Thus, 
the  present  experimental  A-coef ficients  on  both  those  lines 
are  in  fact  the  first  ever  reported  and  their  agreement  to 
the  limited  theoretical  and  experimental  results  previously 
reported  appears  satisfactory  (Table  VI-6). 
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( j )  Obtaining  the  "Deactivation  Probabilities"  of  the 

Metastable  *S  and  :D  Oxygen  Atoms  in  the  Upper 

Atmosphere 

In  the  upper  atmosphere,  the  lifetime  x (t)  of 
the  metastable  XS  and  2D  states  are  constantly  being 
modified  by  collisional  deactivation  through  neighbouring 
atoms,  molecules  and  electron.  The  rate  of  population 
change  of  the  metastable  level  (whose  initial  density  is 
N^) ,  is  given  by 

dN .  , 

—  =  Q(t)  -  — -  N.  (6-47) 

dt  x (t) 

where  Q  is  the  excitation  rate  of  the  metastable  level  at 
the  time  t;  and  x (t)  is  given  by 

-i -  =  [S  A.  .  +  D.  (t)  ]  (6-48) 

T(t)  3  13  1 

where  D. (t)  is  the  collisional  deactivation  probability  of 

l 

the  metastable  level  at  the  time  t;  and  ?  is  the  sum 

of  the  spontaneous  transition  probabilities  from  the  meta¬ 
stable  level  to  its  lower  ones. 

Case  with  *S  Atoms: 

Z  A.  .  =  A (5577)  +  A  ( 29 72 )  +  A(2958) 

D  ID 

where  A (2958)  is  negligible  as  compared  to  A (2972).  Thus, 
using  the  current  results , 

Z  A. .  =  1.06  +  0.045  =  1.05  sec"1 
j  ID 
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Also,  using  the  result  for  the  lifetime  of  2S  at  a  certain 
instant  t,  such  as  one  of  those  measured  by  Omholt  (Om  56) 

i  • e  •  t  (t)  =  0 . 7  sec 

Then,  substituting  in  equation  (6-48),  we  obtain 

077  =  1.105  +  D.(t) 
or,  Di  (t)  =0.32  sec"1 

Similarly,  the  deactivation  probabilities  of  the  1 D  level 
at  any  instant  t  can  be  deduced  from  our  results.  It 
may  be  noticed  here  that  (t)  may  be  a  negative  value, 
in  which  case  we  have  a  collisional  stimulation. 

(k)  Obtaining  the  Oxygen  Abundance  in  the  Solar  Atmosphere 

from  the  Present  Results 

A  crucial  test  for  theories  on  the  formation  of 
elements  from  protons  and  neutrons  and  thus  on  the  composi¬ 
tion  of  stars  and  galaxies,  is  that  obtained  by  comparing 
the  predicted  relative  elemental  abundances  with  those 
observed  in  astrophysical  sources.  The  exciting  develop¬ 
ments  now  taking  place  in  this  type  of  work  make  it  im¬ 
perative  to  determine  accurately  these  abundances.  The  sun, 
of  course,  is  the  most  obvious  object  for  these  investiga¬ 
tions,  and  its  composition  presumably  corresponds  to  that 
of  the  solar  system  at  the  time  it  was  formed. 


**■' 

■ 
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The  obstacles  which  can  bar  the  way  to  a  quan¬ 
titative  determination  of  solar  elemental  abundances  are 
numerous;  they  are  described  in  detail  by  Goldberg  et  al . 
(Go  60) .  However,  since  the  development  of  the  curve-of- 
growth  method,  which  can  now  make  use  of  accurate  photo¬ 
metric  measurements  of  equivalent  widths  and  improved 
f-values ,  the  reliability  of  the  abundance  results  has 
been  largely  improved. 

The  main  discrepancy  involved  in  the  curve-of- 
growth  method  lies ,  as  mentioned  in  Chapter  I  of  this 
thesis,  in  the  solar  model  atmospheres  that  were  assumed. 
Thus,  forbidden  lines,  which  have  the  advantage  of  being 
less  sensitive  to  the  turbulence  and  damping  constants  - 
parameters  which  differ  among  the  various  model  atmo- 
pheres  -  are  frequently  employed  together  with  allowed 
lines,  in  the  determination  of  the  solar  abundances. 
However,  these  forbidden  lines,  which  may  be  present  in 
the  solar  spectrum,  are  usually  faint  and/or  blended  and 
thus  can  also  introduce  a  source  of  uncertainty  in  the 
final  results. 

Like  many  others,  Muller  et  al .  (Mii  6  8)  derived 
the  oxygen  abundance  in  the  solar  atmosphere  by  iteration 
from  the  observed  equivalent  widths  of  the  forbidden 

O 

lines  at  AA5577,  6300  and  6364  A  and  other  weak  and  strong 
allowed  lines.  However,  unlike  other  workers,  they  seem 
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to  have  undertaken  a  more  thorough  analysis  in  that  their 
observations  were  made  at  several  positions  on  the  solar 
disk  (y  =  1.0,  0.7,  0.5,  0.4  and  0.3),  and  moreover  they 
applied  three  models  -  Holweger  (Ho  67) ,  Mutslecner  (Mu  64) 
and  Utrecht  (He  64)  -  to  their  data.  The  results  of  their 
center-to-limb  analysis  of  the  solar  oxygen  lines  are 
collected  in  Tables  VI-8,  IV-9  and  VI-10.  These  abundances 
were  normalised  to  that  of  hydrogen,  log  =  12.00.  The 
values  followed  by  (:)  were  due  to  larger  random  scatter  of 
the  measured  equivalent  widths  and  were  given  a  half  weight 
when  the  values  were  averaged  out.  The  last  column  of  each 
table  lists  the  mean  of  the  abundances  for  each  line  across 
the  solar  disk.  For  the  forbidden  lines  these  abundances 
were  obtained  with  the  A-values  calculated  by  Garstang 
(Ga  51)  whereas  those  inside  the  brackets  are  obtained  when 
the  current  results  on  the  forbidden  A-values  are  applied. 

Thus,  the  mean  of  the  oxygen  abundances,  applying 
the  same  weight  to  individual  lines  as  Muller  et  al .  (Mu  68) , 
is  (in  this  work)  8.84,  8.93  or  8.88  for  the  models  of 
Holweger,  Mutslecner  or  Utrecht  respectively.  As  the 
Holweger  model  was  found  to  provide  the  best  fit  to  the  ob¬ 
served  profiles  of  the  01  lines  both  at  the  centre  and  near 
the  limb,  the  oxygen  abundance  value  log  N  =  8.84  is  there¬ 
fore  considered  as  the  most  reliable  of  the  three. 

Some  results  on  the  oxygen  abundance,  which  were 
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Table  VI-8.  Oxygen  abundance  results  (Holweger  Model). 
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Table  VI-10.  Oxygen  abundance  results  (Utrecht  Ref.  Model). 
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obtained  from  observations  made  on  both  allowed  and  for¬ 
bidden  lines  are  shown  in  Table  VI-11.  Most  of  the 
authors  used  the  A-values  of  Garstang  in  their  calcula¬ 
tions  . 


Authors 

Log  N 

Cabannes  and  Dufay  (Ca  48) 

8.73 

Claas  (Cl  51) 

8.65 

Goldberg  et  al .  (Go  60) 

8.96 

Swings  (Sw  66) 

9.00 

Muller  et  al .  (Mii  68) 

8.83 

Malia  (Ma  68) 

7.80 

Present  work 

8.84 

Table  VI-11.  Oxygen  abundance  results  from  various  authors. 

The  different  abundance  results  obtained  are  generally  due 
to  the  different  measured  equivalent  widths,  models  and 
weighted  means  employed  by  each  author.  Thus,  using  the 
forbidden  A-values  obtained  from  the  current  results,  the 
mean  oxygen  abundance  was  found  to  be  8.84,  which  deviates 
by  <  5%  from  the  mean  of  the  other  six  results  shown  in 


Table  VI-11. 
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SULPHUR  RESULTS 

6 . 5  The  Spectra 

The  simplified  term  scheme  shown  in  Fig.  6-12 
illustrates  the  forbidden  and  allowed  transitions  of  SI 
that  were  of  interest  in  this  project.  The  A-value  of 

O 

[SI]  4589  A  was  determined  by  measuring  its  absolute 
intensity  and  simultaneously  carrying  out  the  optical  ab- 

o 

sorption  experiment  on  SI  1782  A. 

o 

As  for  [SI]  7725  A,  its  A-value  was  obtained 
from  a  measurement  of  its  intensity  relative  to  that  of 

O 

[SI]  4589  A,  since  both  of  these  forbidden  lines  have  a  com¬ 
mon  3p4  1 S 0  parent  level.  Unfortunately,  the  other  forbidden 

0 

transitions  in  [SI]  which  occur  around  11,000  A  are  not 
accessible  to  our  detection  system. 

6.6  Results  and  Analysis  on  the  Forbidden  Lines  of  Atomic 
Sulphur  at  XA4589  and  7725  A 

O 

(a)  Laboratory  Production  of  [SI]  4589  and  7725  A 

To  produce  these  forbidden  lines ,  the  procedure 
mentioned  in  section  5.1,  was  followed  rigorously.  These 
lines  were,  in  fact,  produced  only  over  a  limited  range  of 
pressures  and/or  currents ,  and  with  krypton  being  used  as 
the  buffer  gas.  Using  a  discharge  tube  that  was  slightly 
different  in  dimensions  to  that  shown  in  Fig.  3-2,  current 
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Fig.  6-12.  Partial  term  scheme  of  SI  (not  to  scale). 
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levels  of  15  to  30  mA  and  pressures  of  3  to  8  torr  of 
krypton  were  used  in  the  excitation  of  the  S(1S)  metasta¬ 
ble  states . 

Below  these  current  and  pressure  limits,  the 
forbidden  lines  were  found  to  be  too  weak  for  meaningful 
measurements,  whereas  above  them,  these  lines  were  blended 
with  molecular  S2  bands.  Fig.  6-13a  illustrates  these 

o 

features  around  [SI]  4589  A  in  a  30  torr  krypton-sulphur 
discharge  mixture.  Furthermore,  under  the  high-pressure 
condition,  the  discharge  became  "cored"  and  the  lines  were 
found  to  diminish  in  intensity  as  the  current  was  increased 
(see  Fig .  6-13b) . 

(b)  Processes  Involved  in  the  Production  of  the  Metastable 
S(*S)  Atoms  and  the  Corresponding  Forbidden  Lines 

It  is  believed  here  that  the  production  mechanism 
of  the  S  ( 1 S )  atoms  is  analogous  to  that  proposed  in  section 
6.3(b)  for  the  O^S)  atoms,  i.e.  with  the  main  process  in¬ 
volving  the  photodissociation  of  an  excited  S2  molecular 
state.  Thus,  as  in  02,  to  determine  the  unknown  state  (s) 
whose  dissociation  products  include  the  lS  atoms,  a  knowl¬ 
edge  of  the  dissociation  limits  of  S2  would  be  essential, 
besides  the  usual  consideration  of  Wigner-Witmer  rules, 
the  ordinary  Selection  rules  and  energy  resonance,  in  the 
elimination  of  the  other  possible  mechanisms. 
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Fig.  6-13.  The  forbidden  [SI]  line  at  A4589  A  in  a  high- 

pressure  (30  torr  krypton)  discharge  medium: 

(a)  [SI]  4589  blended  by  molecular  S2  bands. 

(b)  [SI]  4585  decreasing  with  current  increase. 
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Since  the  dissociation  limit  for  the  ground 

state  S2(X  E  )  is  4.4  eV  and  the  atomic  energy  levels  of 

y 

S(  S)  and  S(1D)  are  2.75  and  1.14  eV  respectively  (see 
Fig.  6-12)  ,  the  following  photodissociation  processes  and 
the  corresponding  dissociation  limits  can  be  written: 

S2(a  1 A  )  or  S2(X  3z")  +  hv  -*  S(3P)  +  S(3P)  +  K.E.  (6-49) 

y  g 

(Dissociation  Limit:  4.4  eV) 

S2(B  3E~)  +  hv  ->  S  (  1 D)  +  S(3P)  +  K.E.  (6-50) 

(Dissociation  Limit:  5.54  eV) 

S  2 (x? )  +  hv  +  S(1S)  +  S(3P)  +  K.E.  (6-51) 

(Dissociation  Limit:  7.15  eV) 

S  2  (y? )  +  hv  ->  S(XS)  +  S  ( 1 D)  +  K.E.  (6-52) 

(Dissociation  Limit:  8.29  eV) 

As  for  02,  the  unknown  state  x  whose  dissociation 

products  are  (XS  +  3P),  i.e.  which  satisfies  equation  (6-51) 

was  found  to  be  a  D  3IIu  state.  In  support  of  this  we  may 

refer  to  the  3II  -  X3Z  transitions  which  were  observed  in 

u  g 

absorption  by  Maeder  and  Miescher  (Ma  48) .  They  identified 
three  distinct  dissociation  continuum  maxima  at  1694.6, 

o 

1702.3  and  1707.9  A,  which  differ  energetically  from  the  dis¬ 
sociation  limit  (*S  +  3P)  by  only  0.11,  0.13  and  0.17  eV  re¬ 
spectively.  Thus,  it  can  be  deduced  here  that  the  S2(D  3IIu) 
state  would  be  unstable  and  that  its  potential  curve  would 


have  a  shallow  minimum. 


' 
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Similarly,  the  unknown  state  y  whose  dissocia¬ 
tion  products  are  (XS  +  1 D)  ,  i.e.  which  satisfies  equation 

(6-52)  ,  can  be  deduced  as  being  a  q  1 II  or  a  q  state. 

r  u  r  u 

However,  unlike  0,,  no  (g  1 II  -  a  *A  )  or  (q  *A  -  a  3A  ) 

2  ^  u  u  J  u  u 

transitions  have  yet  been  identified  in  absorption  (or 
emission) .  The  only  other  absorption  bands  so  far  iden¬ 
tified  are  those  belonging  to  the  ( 5  *  A  -  a  xAu)  transi¬ 
tions  (Ca  70) ,  which  correspond  to  the  dissociation  pro¬ 
products  ( 1 D  +  1 D)  . 

Thus  ,  in  the  present  case  where  krypton  was 
used  as  the  buffer  gas,  the  proposed  mechanism  for  the 
excitation  of  the  S(XS)  atoms,  i.e.  of  the  forbidden  [SI] 

o 

lines  at  AA4589  and  7725  A,  is  as  follows: 

Kr(!S)  +  e  (v' )  ->  Kr"  +  e(v")  (6-53) 


The  excited  Kr"  would  then  excite  ground  state  S2  molecules 


Kr"  +  S2  (X 


Kr'  +  S 

,  -  s 

3E  )  Kr '  +  S 
g 

Kr'  +  S 


u 

(g  1 A  ) 

^  u 

(g  xn  ) 
^  u 


( 6- 54  a) 
(6-54b) 
(6-54  c) 


where  Kr"  >  Kr'  >  Kr(3P2)  =  metastable  Kr  state  =  9.915  eV 
and,  through  spontaneous  radiation, 

Kr'  -*  Kr(3P2)  +  hv  (Kr  lines)  (6-55) 


Thus,  through  photodissociation: 

S  '  (D  3II  )  +  hv  +  S(1S)  +  S(3P)  +  K.E. 
2  v  u 


( 6-56a) 


. 
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(6-56b) 
(6-56c) 

( 6-57a) 
(6-5 7b) 

Besides  the  above  processes  it  was  found  that 
direct  collisions  between  energetic  electrons  and  ground 
state  atoms  and/or  molecules  would  represent  another  produc¬ 
tive  mechanism  for  the  S(1S)  atoms: 

S(3P)  +  e(v')  +  S(1S)  +  e  ( v"  )  (6-58) 

S,(X  3Z”)  +  e(v')  +  S(3P)  +  S(1S)  +  e  ( v" )  (6-59) 

2  g 

In  fact,  the  density  of  the  metastable  *S  atoms  of  the 

O 

intensity  of  the  [SI]  line  at  A4589  A  was  found  to  be 
linearly  proportional  to  the  electric  current  through  an 
"optimum"  krypton-sulphur  discharge  (see  Fig.  6-14) . 

(c)  SI  1782  A 

o 

The  SI  line  at  A1782  A,  which  was  used  in  the 
atomic  absorption  experiment  was  always  found  to  be  par¬ 
tially  blended  with  the  high  wavelength  side  of  the  CO 
band  at  X1776  A,  even  for  the  cleanest  krypton-sulphur 
discharge  (see  Fig.  6-15) .  This  is  due  to  the  fact  that 


S  2 '  (g  *A  )  +  hv  -*  S(XS)  +  S(*D)  +  K.E 

S  2  '  (g  )  +  hV  ->  S(!S)  +  S  ( 1 2 D )  +  K.E 

Finally,  through  spontaneous  radiation, 

S  (3P)  +  hv  (SI  4589) 


S(XS) 


S (:D)  +  hv  (SI  7725) 


Production  by  Direct  Collisions  with  Electrons 


[SI]  4589 
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even  the  99.9%  pure  sulphur  powder  (that  was  distilled 
into  the  discharge  tube)  was  probably  contaminated  with 
a  slight  trace  of  impurity  carbon.  However,  as  explained 
in  section  5.3(d)  ,  the  intensity  contribution  from  the 
impurity  CO  band  to  that  of  the  SI  line  at  X1782  A  could 
be  computed  by  means  of  a  best-fit  Lagrangian  interpola¬ 
tion  polynomial,  and  its  percentage  calculated.  Assuming 
this  percentage  to  be  constant,  the  intrinsic  intensity 

O 

of  SI  1782  A  was  readily  deduced  from  the  total  intensity 

o 

measured  at  1782  A  . 

o 

The  S 2  bands  in  the  region  1600-1870  A  were 
observed  in  absorption  by  Wieland  et  al .  (Wi  34) ,  and 
Maeder  and  Miescher  (Ma  48),  and  in  emission  by  Tanaka 
and  Ogawa  (Ta  62).  Fortunately,  there  are  no  absorption 

o 

S  bands  around  X1782  A,  the  nearest  being  at  XX1771  and 

o  o 

1797  A.  Thus,  no  correction  factor,  as  for  01  1152  A, 

o 

was  required  in  the  intensity  measurement  of  SI  1782  A. 
Also,  any  molecular  absorption  by  CO  molecules  was 

o 

neglected  here  because  (1)  the  region  at  X1782  A  falls 

o 

right  on  the  wing  of  the  CO  band  whose  head  is  at  1776  A, 
and  (2)  the  low  CO  partial  pressure  would,  in  any  case, 
yield  a  correction  factor  approaching  unity. 

o 

A  spectral  scan  covering  the  region  1770-1830  A, 

o 

which  includes  the  CO  bands,  SI  1782  A  and  the  resonance 

o 

SI  lines  at  XX1807,  1820  and  1826  A,  is  illustrated  in 
Fig.  6-15. 


)i1 
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( d)  The  Absolute  Transition  Probability  of  the  Forbidden 

[SI]  Line  at  X4589  A 

The  same  experimental  technicrue  as  was  applied 
to  the  forbidden  [01]  lines  has  been  employed  for  [SI] 

O 

4589  A.  The  results  are  as  shown  in  Table  VI-12. 

The  pressure  range  of  the  buffer  gas  (krypton) 
used  was  from  3  to  8  torr  and  a  lower  current  (10-30  mA)  , 
as  compared  to  that  used  for  oxygen  (90  mA) ,  was  employed 
in  the  krypton-sulphur  discharge.  The  values  of  k0 
(column  6)  for  SI  1782  A  were  obtained  by  interpolation 
from  a  computed  graph  (see  Fig.  4-4)  that  was  obtained 
with  L  =  2 .020  Z  .  The  values  of  (C  /C  )  in  the  last  but  one 
column  were  obtained, after  deducing  the  N^-values  from 
equation  (4-45)  with  the  following  substitutions: 

X  =  1.782  x  10"5,  M  =  64;  e,  m,  c  and  R  as  usual,  and  the 
f- value  of  SI  1782  A  was  taken  as  the  weighted  mean  of 
the  values  obtained  (theoretically  through  an.  intermediate 
coupling  method)  by  Aymar  (Ay  73)  and  (experimentally  with 

o 

a  wall-stabilised  arc)  by  Muller  (Mu  68b),  i.e.  f(1782  A)  = 
0.235.  The  other  values  to  be  substituted  in  equation 
(4-44)  for  obtaining  (C^/C^)  were:  r  =  0.75  cm;  L'  =  7.0  cm; 

E (4589  A)  =  1.04  x  107  units  of  radiance;  (dp/d^) 

( 110 . 8/12 7 . 9 ) 2 ;  X  =  4.589  x  10  5  and  AX  =  2.14  x  10  y. 

After  the  final  substitutions  in  equation  (4-44) ,  the  A- 
values  denoted  in  the  last  column  of  Table  VI-12  would  then  be 
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A  (4589  A)  =  -  f  —  )x  103  sec"1 

k0  /T  \CL  / 

Thus,  the  mean  A-value  of  [SI]  4589  A  was  found 
to  be  0.31  with  a  standard  deviation  of  ±0.05.  The  over¬ 
all  experimental  error  involved  would  be  about  the  same 
as  that  estimated  for  the  green  forbidden  01  line, 
i.e.  <_  ±30%,  giving  the  experimental  result 

A  (4589  A)  =  0.31  ±  0.09  sec-1 


(e )  Obtaining  the  f-value  of  SI  1782  A  from  the  current 

Results 

A  significant  source  of  error  that  may  exist  in 

O 

the  present  result  on  the  A-value  of  [SI]  4589  A  comes 

o 

from  the  f-value  assumed  for  SI  1782  A.  We  may,  however, 
cheek  the  reliability  of  this  f-value  by  reversing  the 
procedure,  i.e.  by  assuming  initially  the  A-value 

o 

(=  0.35  sec-1)  for  [SI]  4589  A  obtained  through  theoret- 
cal  calculations  by  Czyzak  and  Krueger  (Cz  63) ,  and  then 
substituting  it  into  the  current  measurements.  It  was 
then  found  that,  for  each  run, 


f  (1782  A) 


1,19  x  kn  /T  x  10_5 

<VCL> 

o 


and  the  resulting  mean  f(1782  A)  -  0.28  ±  0.06. 

The  overall  estimated  error  limit  for  this  f-value 
would ,  of  course,  depend  on  the  A— value  obtained  by  Czyzak 
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and  Krueger  (Cz  63) .  Previous  f-values  obtained  for  SI 
1782  A  were  0.20  by  Muller  (Mu  68)  ,  0 . 2  7  by  Aymar  (Ay  73) 
and  0.58  by  Lawrence  (La  67).  Thus,  the  f-value  obtained 
here,  is  close  to  those  of  Aymar  and  Muller  (the  mean  of 
which  was  here  assumed  in  the  determination  of  the  A-value 
of  [SI]  4589  A. 


( f )  The  Absolute  Transition  Probability  of  the  [SI]  Line 
at  X7725  A 

The  spectrogram  shown  in  Fig.  6-16  illustrates 

O 

the  forbidden  [SI]  lines  at  XX7725  and  4589  A,  taken  on 
hypersensitized  I-N  kodak  plates  during  a  three-hour 
exposure  using  a  krypton-sulphur  mixture  run  at  5  mA. 

O 

Although  the  line  at  X7725  A  is  intrinsically  stronger 

O 

than  that  at  X4589  A,  on  the  photoelectric  detection 
system  its  response  was  much  less.  In  fact,  it  was 
barely  detectable  from  the  discharge  tube  when  viewed 
side-on;  its  transition  probability  was  therefore  deter¬ 
mined  by  comparing  its  "end-on"  intensity  to  that  of  [SI] 
4589  A,  since  these  lines  have  the  same  3p4  1SQ  parent 
level . 

After  calibrating  the  Spex  detection  system  at 
the  two  wavelengths  and  comparing  the  peak  intensities  of 
their  photon-counted  profiles  for  10  different  krypton- 
sulphur  mixtures,  the  results  shown  in  Table  VI-13  were 


obtained : 
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He I  4713 

SI  4695.6 

KrI  4694 


[SI]  4589 


Hel  4471 


KrI  4363 


KrI  7855 


[SI]  7725 

SI  7697 
KrI  7685,94 
SI  7679 


KrI  7601 
KrI  7587 


Exposure : 


1/3  hr.  3  hrs. 


Fig .  6-16 . 


Photographs  of  the  forbidden  [SI]  lines  at 
XX4589  and  7725  A  from  a  Kr-S  discharge. 
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O 

O 

O 

Mixture 

C'  (7725  A) 

1(7725  A) 

M  A ( 7725  A) 

Number 

C'  (4589  A) 

I  (4589  A) 

1V1(J  ell  1  . 

A ( 45 89  A) 

1 

0.36 

4.9 

2 

0.36 

4.9 

3 

0.35 

4.8 

4 

0.35 

4.8 

5 

0.38 

5.2 

4.9  ±  0.19 

6 

0.34 

4.7 

7 

0.34 

4.7 

8 

0.38 

5.2 

9 

0.35 

4.8 

10 

0.38 

5.2 

Table  VI-13.  Results  on  the  A-ratios  of  the  [SI]  lines 

at  AA7725  and  4589  A. 

In  this  table ,  the  values  shown  in  the  third  column  were 
obtained  by  dividing  those  in  the  second  with  the  z-value 
(equation  6-32)  obtained,  which  was  0.073.  Thus,  as  shown 

in  the  fourth  column, 

o 

A  ( 7  725  A)  _  a  q  +  n  iq 
Me  an  - - o —  ~  4  •  y  -  u  •  L  y 

A (4 589  A) 

However,  from  the  previous  result, 

A  (4589  A)  =  0.31  ±  0.09  sec-1 
•'  a(7725  A)  =  1.52  ±  0.28  sec-1 


■ 

, 
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Allowing  an  upper  limit  of  ±10%  error  in  the  intensity- 
ratio  measurements ,  we  would  have 


A ( 7725  A) 
A (4 5 89  A) 


4.9  ±  0.5 


Adding  this  ±10%  error  to  the  previous  ±30%  error  estimated 

o 

for  A(4589  A) ,  we  would  finally  obtain 

A  ( 7725  A)  =  1.52  sec'1 

with  a  "most  probable  error"  (/302  +  10 2  %)  of  ±  0.49. 

Futhermore,  the  constancy  of  the  ratio  1(7725)/ 
1(4589)  indicates  here  the  absence  of  collisional  stimula- 

o 

tion ,  i.e.  the  measured  4589  A  line  intensity  did  corre¬ 
spond  to  photons  arising  from  spontaneous  emission  only. 

The  new  A-values  are  compared  with  those  from 
other  workers  in  Table  VI-14.  The  A-values  obtained  by 
Czyzak  and  Krueger  (Cz  63)  were  based  on  Garstang's 
perturbation  method,  and  the  relative  A- value  of  McConkey 
et  al .  (Me  68)  was  obtained  experimentally  using  a  krypton- 
sulphur  discharge.  It  can  be  seen  that  the  agreement 

among  the  results  is  very  satisfactory. 


1 


214 


REFERENCE 

A  (4  589  A) 

A  ( 7725  A) 

A  ( 7725  A) 

A ( 4 5 89  A) 

Theoretical 

Czyzak  and 

0 . 35 

1.78 

5.09 

Krueger  (Cz  63) 


Experimental 

McConkey  etal.  -  -  5 . 1  ±  0 . 7 

(Me  68) 

Present  work  0.31  ±  0.09  1.52  ±  0.49  4.9  ±  0.5 


Table  VI-14.  Comparison  of  the  previous  and  present  A- 

values  on  [SI]  4589  and  7725  A  (in  sec-1). 


(g)  The  Solar  Abundance  of  Sulphur 

The  absence  of  precise  wavelength  assignments 
for  the  forbidden  [SI]  lines  has  delayed  their  identifica¬ 
tion  in  the  Fraunhofer  spectrum  where  they  are  blended  to 
a  great  extent  with  several  other  lines  and  bands. 

Sattarov  (Sa  65)  identified  the  [SI]  line  at 
A4589  A  and  apparently  used  an  incorrectly  assigned  wave¬ 
length  and  equivalent  width  (Sw  68) ,  whereby  he  obtained 
a  solar  abundance  of  sulphur  of  log  Ng  =  8.20,  as  compared 
to  that  (log  N  =  7.30)  obtained  from  the  permitted  high- 
excitation  lines  by  Goldberg  et  al .  (Go  60).  The  region 
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around  4589  A  was  scanned  with  the  Oxford  photoelectric 
spectrometer  by  Blackwell  et  al .  (B1  67) ,  which  indicated 

complex  blending  there.  No  other  direct  attempt  has  been 

o 

made  to  find  the  proper  equivalent  width  of  [SI]  4589  A; 
thus,  no  other  result  on  the  sulphur  abundance  based  on 
this  line,  except  that  by  Sattarov,  is  available. 

o 

The  region  at  A7725  A  was  scanned  at  the 
Jungfrau joch  station  (Switzerland)  by  L.  Delbouille  and 
G.  Roland  (De  63) .  The  forbidden  line  there  was  identified 
by  Swings  et  al .  (Sw  68)  from  a  blended  neighbourhood 
consisting  of  a  Sil  line  and  bands  from  02  and  CN.  Using 
the  mean  of  the  wavelengths  assigned  to  this  line  by 
Kaufman  (Ka  67)  and  McConkey  et  al .  (Me  68) ,  Swings  et  al . 
(Sw  68)  deduced  a  sulphur  abundance  of  log  Ng  =  7.10.  This 
value  was  based  on  the  A-value  obtained  by  Czyzak  and 
Krueger  (Cz  63) ;  using  the  A-value  obtained  in  the  present 
work,  this  abundance  now  turns  out  to  be  log  Ng  = 


7.17. 
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SELENIUM  RESULTS 

6 .7  The  Spectra 

The  corresponding  forbidden  lines  that  were  of 
interest  in  the  Sel  spectrum  are  illustrated  in  the  sim¬ 
plified  terms  scheme  shown  in  Fig.  6-17.  The  same  tech¬ 
nique  as  described  in  section  6.2(d)  was  applied  in  the 
determination  of  the  A-value  of  ISel]  4887  A,  i.e.  its 
absolute  intensity  was  measured,  and,  at  the  same  time, 
the  optical  absorption  experiment  was  carried  on  the 

O 

ultraviolet  line  of  Sel  at  1994  A  which  was  feeding  the 

.  ,  o 

4p  SQ  upper  level  of  4487  A. 

0 

As  for  the  forbidden  [Sel]  line  at  X7768  A,  its 
A-value  was  obtained  by  comparing  its  intensity  to  that 

o 

of  X4887  A,  since  these  lines  have  the  same  parent  level. 

The  absorption  experiment  was  also  applied  to 

o 

the  Sel  resonance  lines  at  XX1855,  1691,  2040  and  2075  A 
to  determine  the  atomic  densities  of  the  and  P0,1/2 

levels  respectively. 

6.8  Results  and  Analysis  on  the  Forbidden  [Sel]  Lines  at 
XX4887  and  7768  A 

o 

(a)  Laboratory  Production  of  [Sel]  4887  A 

During  the  preliminary  work  undertaken  for  the 
production  of  the  forbidden  [Sel]  lines,  it  was  found  that, 
if  an  inert  gas  such  as  helium  or  krypton  was  used  as  the 
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Fig.  6-17.  Partial  term  scheme  of  Sel  (not  to  scale) 
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buffer,  these  lines  would  not  be  excited.  Also,  although 
argon  gave  a  fairly  good  result,  neon  was  preferentially 
used  because  the  forbidden  lines  appeared  stronger  in  the 
Ne-Se  discharge. 

As  in  the  case  for  sulphur,  the  forbidden  lines 
of  [Sel]  can  only  be  produced  under  limited  discharge 
conditions  for  the  Se-Ne  mixture.  First  of  all,  when  the 
discharge  was  not  clean  the  forbidden  line  produced  would 
be  partially  blended  by  impurity  bands  and  less  accuracy 
would  then  be  expected  in  the  intensity  measurement  -  this 
is  illustrated  in  the  spectrograms  shown  in  Fig.  6-18, 

o 

where  (a)  the  [Sel]  line  at  A4887  A  was  not  clearly  resolved 
from  the  impurity  CO  bands  and  (b)  the  [Sel]  line  at 
A4887  A  was  resolved  in  a  correspondingly  clean  discharge. 
Secondly,  when  the  neon  partial  pressure  was  relatively  too 
high,  the  Se2  bands  would  appear  and  partially  blend  the 
forbidden  line,  as  illustrated  in  Fig.  6-19a. 

Another  problem  involved  with  the  intensity  mea- 

o 

surements  of  [Sel]  4887  A  was  that,  even  when  the  discharge 
is  optimum,  this  line  might  not  be  clearly  resolved  from 

o 

the  neighbouring  Nel  line  at  A4885  A.  However,  during  the 

o 

photon-counting  of  [Sel]  4887  A,  an  appropriate  slit  width 
in  the  Spex  (=  120  y)  was  employed  so  that  the  corresponding 

O 

waveband  (-  1.3  A)  would  then  accept  only  the  light  coming 

o 

from  the  [Sel]  line  at  A4887  A,  i.e.  no  intensity  countribu- 

o 

tion  from  Nel  4885  A  would  be  included  (see  Fig.  6-19b) . 
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Fig.  6-18.  Photographs  of  the  forbidden  [Sel]  line  at 

A4887  A  from  a  Ne-Se  discharge  which  is 
(a)  impure  and  (b)  clean. 
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(b)  Processes  Involved  in  the  Production  of  the  Metastable 
Se ( 1 S )  Atoms 

As  with  oxygen  and  sulphur,  to  ascertain  whether 
the  metas table  1S  atoms  of  selenium  are  also  produced 
through  the  photodissociation  of  excited  molecular  states, 
it  was  necessary  to  know  the  energy  potential  curves  of 
the  states  and  the  dissociation  limits,  besides  the  ordinary 
Selection  and  Wigner-Witmer  rules  and  the  energy  resonance. 

Early  analyses  of  the  main  band  spectrum  of  Se2, 

apparently  indicating  a  ground  state,  have  been  reviewed 

by  Barrow  et  al .  (Ba  66),  who  found  that  the  system  is  again 

B  3 Z "  -  X  3  E  ~ ,  as  in  0„  and  S„.  The  dissociation  energy 
u  g  2  2 

of  Se2  (i.e.  the  dissociation  limit  for  (3P  +  3P)  has  since 
been  established  at  3.2  ±  0.1  eV.  Thus  the  dissociation 
limit  of  {lS  +  3P)  would  be  5.98  eV  and  that  of  (3S  +  *D) , 
7.17  eV.  However,  the  absorption  spectrum  and  the  excited 
Se2  states  with  dissociation  limits  at  (*S  +  3P)  and 
(!S  +  1 d)  have  not  yet  been  subject  to  experimental  investi¬ 
gation.  The  lack  of  such  knowledge  has  prevented  further 
discussion  on  the  production  mechanism  of  Se(1S)  atoms  in 
the  present  work,  although  a  mechanism  analogous  to  that 
for  O  ( 1 S)  and  S(1S)  atoms  may  be  proposed. 

Again,  however,  the  production  of  Se (  S)  atoms 
from  direct  collisions  between  energetic  electrons  and 
ground  state  atom  and/or  molecules  was  important  here; 


rv  s  -b-.s'.rx 
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the  intensity  of  the  forbidden  [Sel]  line  at  X4887  A  was 
found  to  be  increasing  linearly  with  the  electric  current 
through  the  Se-Ne  discharge. 

(c)  Sel  1994  A 

The  ultraviolet  lines  which  could  have  been  used 
in  the  absorption  experiment  for  the  determination  of  the 
*S  state  densities  of  selenium  are  situated  at  AA1994, 

o 

2050,  2548  and  3501  A.  The  last  three  lines  were  not  used 
because  they  could  not  be  produced  with  reasonable  inten- 

o 

sity  in  the  present  work;  even  the  line  at  A1994  A  was 
produced  only  after  prolonged  cleaning  of  the  discharge 
system  (see  Fig.  5-3) . 

O 

The  f-value  of  the  Sel  line  at  A1994  A  was  theo¬ 
retically  calculated  through  an  intermediate  coupling  and 
quantum  defect  method  by  Lawrence  (La  67)  and  Gruzdev 
(Gr  69) .  However,  Lawrence  made  an  error  in  his  quantum 
defect  calculation  for  the  configuration  np3  5s  (Gr  69) 
and  so  the  f-value  of  Gruzdev  (=  0.17)  was  used  in  the 
present  work.  This  f-value  should  be  good  to  better  than 
±10%  since  the  energy  levels  (and  wavelengths)  predicted 
from  this  method  agree  to  within  0.1%  of  the  experimental 
data  of  some  ionized  lines  (Neill,  MgV  and  A1IV)  from  the 
tables  of  Striganov  and  Sventitskii  (St  66) . 

As  in  the  case  of  the  SI  line,  the  molecular 
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absorption  of  Sel  at  X1994  A  was  assumed  to  be  negligible, 
no  Se2  bands  were  ever  recorded  in  that  wavelength  region. 


(d)  The  Absolute  Transition  Probability  of  the  Forbidden 

[Sel]  Line  at  X4887  A 


The  absolute  transition  probability  of  the  [Sel] 

o 

line  at  X4887  A  was  determined  experimentally,  using  the 
same  technique  as  for  the  forbidden  lines  of  [SI]  and  [01] . 
The  results  are  shown  in  Table  VI-15. 

The  first  column  of  this  table  indicates  the 
pressure  range  of  neon,  which  was  used  as  the  buffer  gas, 
and  the  discharge  was  run  at  a  constant  current  of  30  mA 
through  all  the  (26)  discharge  mixtures.  The  values  of 

O 

kQ  (column  5)  for  [Sel]  1994  A  were  obtained  by  interpola¬ 
tion  from  a  computed  graph  of  kQ&  vs.  where 

L  =  2.013&  =  31.0  cm.  The  values  of  (Cp/CL)  in  the  last 
but  one  column  were  obtained  after  making  the  following 
substitutions:  X  =  1.994  x  10  5  cm;  M  =  157.92  ;  f  (1994  A) 

=  0.17,  r  =  1.25  cm,  E(4887  A)  =  2.32  x  107  ergs/ . ; 

(dp/c^)  =  (101.5/124.5),  AX  =  1.316  x  10”4  y  and  the  other 
parameters  were  as  usual.  After  the  final  substitutions 
in  equation  (4-44)  ,  the  A-values  denoted  in  the  last 
column  of  Table  VI-15  would  then  be 
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Thus,  the  mean  A-value  of  [Sel]  4887  A  was  found 
to  be  7.31  sec-1  with  a  standard  deviation  of  ±1.22.  The 
overall  experimental  error  involved  would  be  about  the 
same  as  that  estimated  for  the  other  forbidden  lines , 
i.e.  <_  ±30%,  giving  the  experimental  result 

A (4 887  A)  =  7.31  ±  2.19  sec"1 

o 

(e )  Obtaining  the  f-value  of  Sel  1994  A  from  the  Current 

Results 

o 

The  f-value  of  Sel  1994  A  was  also  determined  by 

o 

assuming  the  A-value  of  [Sel]  4887  A  as  obtained  by 
Garstang  (Ga  64)  through  a  semiempirical  and  perturbation 
method,  and  then  substituting  it  into  the  current  measure¬ 
ments.  The  following  relation  was  then  obtained  for  each 
run 

f  (1994  A)  =  kQ  ■y/T-  -  x  4.26  x  10“5 

(VCL> 

and  it  was  then  found  that  the  mean  f-value  was 

f  (1994  A)  =  0.24  ±  0.06 

The  overall  estimated  error  for  this  f-value  would 

O 

depend  on  the  assumed  A— value  of  [Sel]  4887  A.  This  f— value 
may  be  compared  to  those  obtained  by  Gruzdev  (Gr  69)  and 
Lawrence  (La  67) ,  which  are  0.17  and  0.41  respectively. 
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( f )  The  Absolute  Transition  Probability  of  the  [Sel] 

Line  at  X7768  A 

The  pen-chart  and  photon-counting  profiles  of 
the  forbidden  [Sel]  line  at  X7768  A  are  illustrated  in 
Figs.  VI-20a  and  VI-20b  respectively.  The  Ne-Se  discharge 
(10  torr  Ne)  was  run  at  a  current  of  30  mA.  The  A-value 
of  this  line  was  obtained  by  comparing  its  intensity  with 

O 

that  of  [Sel]  4887  A,  under  the  same  conditions. 

The  asymmetric  photon-counting  profile  shown  in 
Fig.  VI-20b  indicates  the  presence  of  a  weak  blended  line 
on  the  longer  wavelength  side.  However,  on  choosing  a 
slit  width  of  80  y  in  the  Spex,  it  was  ascertained  that 

o 

the  corresponding  waveband  of  0.86  A  -  obtained  with  a 

o 

grating  dispersion  of  10.7  A/mm  -  would  only  allow  a 
negligible  contribution  (dark  area  D) ,  if  any  at  all,  from 
the  weak  blended  line. 

The  results  for  the  intensity  or  A-ratios  for  10 
runs  are  summarized  in  Table  VI-16,  after  the  response 
ratio,  z  (=  1.09  x  10*"1),  for  the  regions  at  XX7768  and 

O 

4887  A  was  determined. 
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Table  VI-16.  Results  on  the  A- ratios  of  the  forbidden 

[Sel ]  lines  at  XX4887  and  7768  A. 


O 

0 

Neon 

c  (7768  A)  .  2) 

I (7768  A) 

( torr) 

o' 

C’  (4887  A) 

I (4887  A) 

8 

3.12 

3.12  x  10  _  0 . 2 86 

1.09  x  10"2 

8 

2.69 

0.247 

6.0 

2 . 82 

0.259 

6.0 

2.84 

0 .261 

4.0 

3.11 

0.258 

4.0 

2 . 86 

0 .262 

2.0 

3.02 

0.277 

2.0 

3.28 

0.  300 

00 

• 

o 

3.20 

0.294 

0.8 

3.16 

0.290 

Mean  7 

^  (7768  A) /A ( 4  8  8  7  A) 

0.276  ±  0.017 

Allowing  an  upper  limit  of  ±10%  error  in  the  intensity 
ratio  measurements ,  we  would  have 

A  (  7  76  8  A)  0#28  +  0.03 
A (4 88 7  A) 

However,  from  the  previous  result 

A  (4  887  A)  =  7.31  ±  2.19  sec"1 
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A(7768  A)  =  2.05  sec  1 

with  a  most  probable  error  of  ±0.65. 

The  new  experimental  A- values  of  [Sel]  are  the 
first  ever  measured  and  they  are  compared  with  those 
obtained  by  Garstang  (Ga  64)  in  Table  VI-17.  Again  here, 
it  can  be  seen  that  the  agreement  among  the  results  is 
very  satisfactory. 


REFERENCE 

A  (4887  A) 
(sec- 1 ) 

A ( 776 8  A) 
(sec-  1 ) 

A ( 7  76  8 

A  ( 4  8  8  7 

0 

A) 

A) 

Theoretical 

Garstang  (Ga  64)  7.7  2.3  0.30 

Experimental 

Present  work  7.31  ±  2.19  2.05  ±  0.65  0.28  ±  0.03 


Table  VI-17.  Comparison  of  the  experimental  and  theoretical 

A-values  on  [Sel]  4887  and  7768  A  (in  sec-1). 


(g)  Measuring  the  Atomic  Populations  of  the  Ground  States 

of  Selenium 

In  the  search  for  new  materials  for  gas  lasers, 
Bokhan  (Bo  69)  suggested  the  favourably  situated  energy 
levels  of  the  selenium  ground  state  configuration  —  the 
presence  of  groups  of  three  levels  due  to  splitting  of 
the  3P  state  can  lead  to  rapid  relaxation  by  means  of 
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collisions ,  while  the  absence  of  an  electric  dipole  transi¬ 
tion  between  the  3P  and  *D  and  XS  states,  in  association 
with  the  larger  energy  differences  of  1S  -  3P  and  :D  -  3P 
transitions,  leads  to  long  lifetimes  for  the  1S  and  JD 
levels " . 


The  optical  line-absorption  technique  has  also 


been  applied  here  to  determine  the  population  densities  of 
the  selenium  ground  states  from  the  point  of  view  of 
investigating  population  inversion  among  them.  This  tech¬ 
nique  (described  in  section  4.2)  differs  from  the  usual 
absorption  technique  in  that  the  absorption  cell  is  simul¬ 
taneously  used  as  the  light  source;  thus  the  disadvantages 
associated  with  unequal  thermal  source  and  absorber  temper¬ 
ature  are  automatically  eliminated. 


In  general,  to  obtain  the  population  densities  N 


by  this  absorption  method,  all  the  other  parameters  (besides 
N)  involved  in  equation  (4-45)  must  be  known: 


(4-45) 


After  making  the  numerical  substitutions  in  this  equation, 
the  following  general  relationship  for  selenium  energy 
states  are  obtained 


N 


where  the  parameters  are  as  defined  previously. 
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In  selenium,  the  optical  line-absorption  studies 
were  carried  out  on  the  ultraviolet  lines  at  AA1994,  1855, 
1691  ,  2040  and  2075  A  (see  Fig.  6-21)  ,  to  obtain  the  popu¬ 
lation  density  of  the  !S0,  1D2,  3P0,  3Pi  and  3P2  levels 
respectively  (i.e.  all  states  within  the  ground  configura¬ 
tion).  The  f-values  of  these  lines  were  all  taken  from  the 
"intermediate-coupling"  calculations  of  Gruzdev  (Gr  69) , 
i.e.  f  (1994  A)  =0.17,  f(1855  A)  =  0.13,  f(1691  A)  =  0.068  , 
f  (2040  A)  =  0.054  and  f(2075  A)  =  2.3  x  10“4. 

The  results  on  the  atomic  densities  of  these 
ground  states  are  summarized  in  Table  VI-18.  The  pressure 
range  used  for  the  *D  and  3P  states  was  10  to  20  torr,  so 
that  the  normalisation  process  for  the  intensity  values  of 
1^,  as  described  in  section  5.3(c),  was  not  required.  The 
pressure  range  used  for  the  :S  state  was  lower  (2  to  10 
torr)  and  the  normalisation  procedure  was  applied  there 
whenever  necessary.  (It  was  possible  to  do  this  since  the 

O 

intensity  of  the  forbidden  [SelJ  line  at  A4887  A  was  being 
measured  at  the  same  time.) 

However,  it  was  impossible  to  correlate  the 
results  with  the  change  of  pressure  or  any  other  discharge 
conditions  because  the  partial  pressure  of  the  selenium 
vapour  varied  according  to  that  exerted  by  the  neon  gas 
(which  differred  for  each  discharge  condition) ,  and  no 
effective  way  of  measuring  the  selenium  partial  pressure 


was  possible. 


233 


I— «  LO  fx, 

<D  LO  Q 
CO  <x>^ 


1 


Fig.  6-21.  The  uv  Sel  lines  used  in  the  absorption  experiment  for  determining 

the  atomic  state  densities  of  the  ground  states  1S,  XD  and  3P. 
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Table  VI-18.  Atomic  state  densities  of  the  ground  states  of  selenium 

per  cm  3 .  (Continued) 
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Nevertheless,  the  results  indicate  that  the 
population  of  the  3P2  level  was  generally  about  a  factor 
of  100  higher  than  either  of  the  levels  ^q,  xD2  ,  3Pq 
and  3Pir  and  that  N(3PX)  >  N(3PQ)  >  N  ( 3D2 )  >  N^Sq)  -  10  1  0 
atoms/cm3  for  the  same  selenium  partial  pressure  (see 
results  for  the  mixtures  consisting  of  12  torr  of  neon) . 
Thus ,  these  results  would  indicate  that  population  inver¬ 
sion  does  not  exist  among  these  ground  states  with  the 
present  conditions;  selective  optical-pumping  of  the  energy 
levels  would  be  required  to  produce  the  inversion,  but  no 
further  studies  in  this  direction  were  made  in  the  present 


study . 
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CHAPTER  VII 


SUMMARY 

The  present  studies  on  the  forbidden  transitions 
in  the  first  three  elements  with  a  np4  ground  configura¬ 
tions  have  included,  in  brief,  the  following: 

(1)  A  study  of  the  basic  characteristics  of  the 
"forbidden"  radiation  and  the  special  techniques  employed 
for  producing  the  lines  in  the  laboratory,  whereby  their 
most  interesting  property  -  transition  probability  -  was 
experimentally  determined. 

(2)  A  comprehensive  survey  of  the  two  theoretical 
approaches  that  were  introduced  to  calculate  the  A-values 
of  forbidden  lines  was  made.  In  the  first  approach  a 
semiempirical  approximation  based  on  an  intermediate 
coupling  and  thus  perturbative  method  was  employed,  where¬ 
as  a  non-closed  shell  many  electron  theory  was  used  in  the 
second. 

(3)  The  chemical  processes  involved  in  the  produc¬ 
tion  mechanism (s)  of  the  metastable  atoms  and  thus  of  the 
forbidden  lines  were  investigated  and  a  resulting  produc¬ 
tion  mechanism  that  applies  to  forbidden  transitions  from 
both  the  upper  atmospheric  as  well  as  the  laboratory 
sources,  was  proposed  in  this  work. 
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(4)  An  optical  line-absorption  technique  was  employed 
on  the  allowed  ultraviolet  lines  to  determine  the  popula¬ 
tion  densities  of  the  metastable  energy  levels.  This  tech¬ 
nique,  when  carried  out  simultaneously  with  the  absolute 
intensity  measurements  of  forbidden  lines,  have  here  pro¬ 
duced  a  successful  method  for  measuring  the  absolute  A-values 
of  forbidden  lines. 

By  analogous  considerations  this  method  has  also 
been  used  to  determine  the  f-values  of  the  allowed  ultra¬ 
violet  lines ,  which  were  feeding  the  upper  metastable  levels 
of  forbidden  lines,  whose  A-values  were  initially  assumed 
(from  theoretical  sources). 

(5)  Applications  of  the  experimental  results  from  the 
present  work  were  directed  towards  such  studies  in  astro¬ 
physics  as  the  determination  of  the  solar  elemental  abun¬ 
dances  and  partially  towards  laser  physics  from  the  point  of 
view  of  studing  population  inversion.  The  most  important 
use  from  the  results  was  obtained  through  a  comparison  to 
theoretical  results  that  were  based  on  approximations  where 
the  fact  that  an  estimate  of  the  overall  error  involved  from 
them  cannot  be  obtained,  represents  a  shortcoming. 

The  results  of  the  improved  experimental  techniques 
employed  in  this  work  represent  the  only  source  for  the 
experimental  (forbidden)  A— values  which  are  often  needed  in 

o 

many  important  studies.  Thus,  apart  from  5577  A,  the  results 
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for  the  [01] ,  [SI]  and  [Sel]  lines  are  the  first  ever 
determined  experimentally.  These  A- values  and  the 
f-values  of  some  related  ultraviolet  lines  are  summarized 
in  Tables  VII-1  and  VII-2. 

It  is  now  hoped  that  the  present  studies  on 
forbidden  transitions  can  be  extended  to  the  heavier  np4 
elements,  such  as  tellurium  and  polonium,  and  to  those 
with  a  np2  or  np3  ground  configuration.  Again  here,  the 
problem  associated  with  these  further  studies  would  depend 
on  the  individual  lines  and  the  atomic-molecular  structure 
of  the  elements.  Also,  other  improvements  in  the  instru¬ 
mentation,  the  design  of  the  discharge  tube  and  the  f-values 
assumed,  among  other  possible  factors,  would  help  to  reduce 
the  experimental  errors  involved. 
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Transitions 

f- values 

01  1218  A  (2P4  1 S0  -  2p 3  3s"  *P°) 

0.134 

01  1152  A  ( 2p 4  *D  -  2p 3  3s'  1D°) 

2  2 

0.116 

SI  1782  A  ( 3p 4  1 SQ  -  3p 3  4s"  XP°) 

0.28 

Sel  1994  A  (4p4  1S0  -  4p3  5s"  2P°) 

0.24 

Table  VII-2.  Summary  of  the  allowed  f- values 

obtained  in  the  present  work. 
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